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INTRODUCTION 


THE two volumes of Vistas in Astronomy, originally conceived out of a desire to do 
honour to Professor STRATTON, have received so warm a welcome that we have been 
encouraged to continue these research surveys as a permanent series. 

New “vistas” have opened on the astronomical horizon, and old ones have changed 
in colour and perspective. 


We considered it essential to maintain the international character of the original 


volumes. The present volume, and two others now in preparation, contain contri- 


butions from America, Belgium, Canada, China, Czechoslovakia, France, Germany, 
Great Britain, India, Italy, Mexico, the Netherlands, Portugal, Russia, and Sweden. 
We are especially pleased that our Russian colleagues are making available a 
regular series of reports on the progress of Soviet Astronomy. 

Arrangements have been made to ensure that at the time of publication each new 


volume of Vistas will present a thoroughly up-to-date picture. 
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The Dynamics of Stars in the Neighbourhood of the Sun 


R.v. p. R. Woot.ey, F.R.S., Astronomer Royal 


Royal Greenwich Observatory, Herstmonceux Castle, Sussex 


1. INTRODUCTION 


A CERTAIN amount is known about the positions and motions of nearby stars: the 
knowledge becomes more and more fragmentary as the distance of the stars from 
the Sun increases. Nevertheless an enormous body of information of a partial and 
inaccurate character exists, from which statistical inferences may be drawn. It is 
the business of Stellar Dynamics to attempt to reconcile this body of observed 
material with some orderly view of the forces which influence stellar motions, in the 
hope of establishing data about the dimensions and age of the Galaxy. 

Sesides the stars themselves, observation reveals the presence of dust and gas in 
such large quantities as to account for an appreciable fraction of the mass of the 
Galaxy: and theory gives a time of relaxation of the stellar motions, through stellar 
encounters, of order 10!2 years, and so much greater than the supposed age of the 
Galaxy of 1019 years. It is for this reason that the present motions of the stars are 
by no means random motions, but are no doubt still very markedly influenced by 
initial conditions. If the stars were formed out of clouds of gas, these initial conditions. 
the initial vectors of the motion of each star when first formed, are doubtless to be 
looked for in a theory of motion of gaseous clouds rather than in a “Newtonian” 
theory of point masses moving in a gravitational field. For all this, the stars once 
formed move as “‘particles’’, and the only role of the dust and gas is to modify the 
gravitational field. There is therefore some sense in studying the present movements 
of stars as particle-movements in a gravitational field, and this is the traditional field 
of Stellar Dynamics. We merely recognize that Gas Dynamics may have some 
connection with our initial conditions: we remember that our attraction is. not 
solely due to the stars themselves: and apart from that, we dismiss Gas Dynamics 


as a separate subject. 


2. STEADY-STATE ‘THEORY 


2.1. There is no reason to regard the motions of stars in the solar neighbourhood as a 
steady state—quite the reverse. The distribution in space is irregular and the sup- 
posed time of relaxation much greater than the life of the system since its inception. 
Nevertheless, a mathematical investigation of a steady state or quasi steady state is 
instructive. 

The standard procedure is as follows, (see, e.g. SMART, 1938; p. 321, etc.). Let 


x,y, 2, t) du dv dw da dy dz 


be the number of stars in unit volume with velocities between wu and u+ du ete., and 
positions between x and x+dz etc. Then if the motions are entirely governed by a 
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gravitational potential |)’ which is a function of x, y and z (i.e. is independent of ¢ 
which would not be true if collisions were considered) we have LIOUVILLE’s theorem 


Df 
Dt 
The number of stars per unit volume is 
v Il) flu, vo. wea. y, zt) du dv du, 


and the svstem is said to be ina steady state if 


so that the function / satisfies 
(2.11) 
This last relation can be developed in various ways, but we proceed immediately 


to a form suitable for discussing stars moving in an outer portion of a galaxy, that 


is to savy a body possessing symmetry about an axis of rotation. 


F1G 


Let (a. 6,2) be the cylindrical co-ordinates of a star S as shown in Fig. 1, and let 


Ww. 


the components of stellar velocity be I] outwards from the origin, © perpendicular 


to the radius vector and in the plane of rotation passing through the origin, and Z 
perpendicular to the plane of rotation. If the function f and the potential J’ are 
symmetrical about the axis of rotation, (2.11) becomes (cf. SMART, 1938, p. 338): 


© 
2.12) 


. WooL! EY 
This is satisfied by 
f = F(il?+024+ Z2-2V, a0) (2.13) 
2.2. We now consider a particular form of (2.13) suggested by the statistics of stellar 
velocities. the ellipsoidal distribution. or 
F = exp —j{II? + A2(0 — 09)? + 22-27! (2.21) 


which satisfies (2.12) if 


where ), k; and ko are constant. 
Since the star density is given by 
i\\ fdlld0dZ, 
we have from (2.21) 
V const xa l exp (2)?V}). ere ees) 
Equation (2.21) also gives the mean values of Il, 0—O9 and Z, taken without 
regard to sign. as 


Hed! dll 


and we have in fact 


jul . J(O—Op) 
\/ 3 
and the ratios of the mean velocities are 


Il: @—09:Z::A:1:A en) 


those in the radial co-ordinate II and co-ordinate perpendicular to the galactic plane 


Z being equal, and greater than that in the tangential co-ordinate ©—Op if ke is 
positive and A greater than unity, which we will show should be the case in the solar 


neighbourhood. 
The constants 4; and ko can be connected with the Oort constants A and B which 


are accessible to observation. We have in fact* 


1 d@p Ll Op 


2 dow 2a 


1 d@po l po 


2 dw 2m 


* (~) is measured in the sense in which longitude increases: this happens to be opposite to the sense in 


which the Galaxy is rotating. If V is the velocity, considered positive, and R the distance from the 


galactic centre, A = 4V/R—43dV/dR. 
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SO that 


A = khkew 4, B = —ky0' 


ky = —MB, ke = —A/(Bo?). 


A is observed to be positive and B to be negative: hence both /; and k2 are positive 


and A is greater than unity. 
Notice that A2 = 14 how? = (B-—A) B. 
The sign of kz is also indicated by theory: if @o is identified with, or is very nearly 


equal to, the circular velocity, which is 0,, we have 


0. = uw I 
where w is the effective attracting mass of the Galaxy multiplied by the gravitational 
constant, or 

4 


71 par 


3 


3 


in which # is the effective mean density. 
Similarly du/dw = 471 paw? where p is the effective local density (and exactly 
equal to the local density in the case of spherical symmetry). Then 


Pp) 


ko 


: Bu 7 + 30/p 
which is positive unless p/p > 1, which is not likely to be the case in the outer parts 
of a galaxy. 

Steady-state theory, then, supposes A > | and equality between the mean speeds 
in the radial and z directions. This is not indeed found in the observations. The 
observed velocity distribution for any particular class of star can be represented 


roughly by 


n(u,v,w) = const x exp —{)1°u® + jo*v? + jg?" | 

where the uw. v, w axes are close to (but not identical with) the Il, 0, Z axes, but the 
quantity j; is not found to be equal to j3. We do find j; < jz as steady-state theory 
suggests, but jg is nearer to jo than to /). 

This is probably not a major difficulty and, no doubt, arises out of the fact that 
relaxation is as yet nowhere near complete and no connexion has been established 
by collisions between the energy of the z motion and energy in the plane. If the 
motions in the plane and perpendicular to the plane were quite independent, we 


should have two separate energy equations 
I, = Il? +0?-—2V,, Ig = Z*-2V2 


leading to 
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the second of these equations being usually assumed to be correct when motion 
perpendicular to the galactic plane is discussed. The separation of the energy equa- 
tions breaks the relation of equality between Il and Z given by equation (2.24). 
Steady-state theory gives a relation between © and ©,, the circular velocity. 
©, is given by 


©,2 
and from equations (2.22) we can derive 
©? 


From equation (2.23) we have 
In y = const 


whence 


Lastly 


Hence © p is given by 
ow) . 


979 9 9 
2)-(Oo- i (-),.<) 
vy dw A2 


the quantities on the right-hand side being, in principle, accessible to observation 
(through the radial stellar density gradient and ratio of the axes of the velocity 
ellipse). 

If we write ©o ®.—S and neglect S?, and use po a(B—A) 


l (1 dv 2-1] 
S = — -f. ; ae eee) 
4)°(A — B)\v da a2 | 


This means that o, the mean velocity for a group of stars characterized by a par- 
ticular value of j?, that is a particular dispersion in velocity, differs from the circular 
velocity by an amount inversely proportional to )*, or directly proportional to the 
mean square (dispersion) velocity. There is some justification for this in the available 
data. 

The successes of steady-state theory are merely that if an ellipsoidal velocity 
distribution (2.21) is assumed, the theory asserts a ratio of the axes (2.24), which can 
be reconciled with observation as far as the II and © axes are concerned, and ex- 
plained away for the Z axis: and that it asserts through (2.26) a dependence of solar 
motion on velocity dispersion which is useful. Limited as these successes are, it is 
perhaps rather surprising that the theory is of anything but academic interest. The 
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spatial distribution of the stars is anything but regular, except that on the whole 


there is a decrease of density outwards from the centre: and we may ask whether 
there is any reason to expect greater regularity in the velocity distribution than we 


find in the space distribution. 


3. GALACTIC ORBITS OF STARS 


3.1. We now turn to another approach to the analysis of stellar velocities, due in 
principle to the researches of LINDBLAD, and consider the orbits of individual stars 
moving in the gravitational field of the galaxy as a whole. The treatment in the 
preliminary section (3.1) is equivalent to that given, for example, in Smart (1938, 
Chapter 12), except that in the development given here the co-ordinate axes are 


non-rotating. 
We leave motion perpendicular to the galactic plane out of account and consider 
only motion in the galactic plane. If w is the distance to the centre of the galaxy 


and u = w |! the (component in the galactic plane of the) attracting force may be 


written u2(u). The equation of motion of the star is then 


where / is a constant (since the force may be assumed central). If we may write, 
with sufficient accuracy, 
u(t) = po+(U—Up)p’ 
the equation for the orbit is 
aw), 1(1+¢ cosn@) 
where 
pe’ A> and wa, = (h? pe’) (40 Up’) 
Let 1, be the value of u(u) when w = a}, that is to say let 
fj +(u—-oy Vu’ Lor (u Up)’ 


Then 


and the equation of the orbit is 


Fl 
(1 +e cosné) 


h? 
If ©, is the circular velocity at w, we have 

fy = 70,2 
Accordingly 

h = He 


whatever the eccentricity of the orbit. 


R. v. p. R. WooLLey 5) 


If the eccentricity is so small that its square may be neglected (a restriction that 
is in any case suggested by the linear form adopted for (u)), the motion (3.11) may 
be regarded as an elliptic epicycle centred on a point moving with the circular 
velocity. 

In Fig. 2, O is the centre of attraction and C a point moving in a circle centred 
on O with radius a, the velocity of C being ©,. The angle made by OC with the 


fixed direction OX is 6. Let P be a point whose co-ordinates (€;7)) in rectangular 


axes whose origin is the instantaneous position of C and such that the axis of € is 
OC produced, and let 


é™) COS nou 


Ze 


am, sinné 
‘i 


Then the angle POC is sin~!y/(@1+ €), or, neglecting e?, 


angle POC sin né. 
‘i 


The length OP is (w+ €) see POC + €, again neglecting e2, so that 
(OP)- 7 Ela a, 1(1+e cosné) u 


Lastly 
sin no). 


giving 
A (| Ye cosnéG) (),/ am] 
or, neglecting e?, 
6 = hu2. 


Accordingly the point P satisfies equation (3.11). The use of an epicyclic description 
of the motion of the star offers advantages over the use of the galactic orbit (3.11), 
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because a) and ©, are not known accurately and because it is our object to analyse 
the statistics of differences between individual stellar velocities and the circular 
velocity, and these differences are closely related to the epicycles. 

The velocity (II. ©) of P in fixed axes whose origin is the instantaneous position 


of C is given, neglecting e*, by 


(-).en sin nd 


hu (-).(1 + e ecosné@) 


Both 6 and ©, are measured in the direction in which longitude increases. 

In discussing the motions of a number of stars it is necessary to use axes which are 
common to the stars examined. The system which we will use is a system of rect 
ular axes whose directions are fixed, the 2 axis pointing away from the galactic 


INO 


centre. the y axis in the direction in which rotation takes place, and the z axis 


perpendicular to the galactic plane. The origin moves with constant velocity in the 


j 
( 
i 


ion of the y axis, and does so with the circular velocity. If the velocities in 


this system are (uw, 7, w) then the velocity (0, 0, 0) is the circular velocity at the origin 


of co-ordinates 
f we write |’ for the circular velocity in the direction in which galactic rotation 
‘'s place. and FR for the distance to the centre. then the Oort constants 4A and B 


‘e detined I > Pr Or. with J 


dV ” 


2B 
dR R 


To the first order in e. u Il. but «is measured relative to the circular velocity ab 


for a star near the origin of the (uw, v, w) system). while © — ©, is measured relative 


to the circular velocity at ( Also the sign is changed. Hence 
d(-), 
da 
Accordingly. 
neR(A B) sinné Ven sinné 


14) 


Be R cosné i n- cosne 
The co-ordinates of the epicentre C, relative to P as origin, may be defined as 
radial, positive outwards) and y (tangential, positive in the direction in which 
rotation takes place). Then 
¢ R COSnO 
Ze R 


sin 76 
n 


Neglecting e2. the quantity n° is given by n- 4B/(B-—A) t/A2. the quantity A 


R. Woo.iey 
having been defined in section 2. To show this we note that 
so that 
( 
du a Lu 


22 
du dR 


wu’ |h2 
/ 


With this value of n. we have. from (3.15) 


This is equivalent to 
n2\2¢? 3.182) 
using (3.6) and R(A—B). 
The epicentre C is inside the present position P of the star if x is negative, and, 


since / is negative, this occurs, by (3.17) when v is negative and the star lags behind 


the circular velocity. If v is positive the epicentre is outside the present position of 


the star. In either case the closest approach to the centre of the Galaxy is the distance 
x inside the present position. The perigalactic 


eR inside the epicentre and eR 
distance is therefore 
| (w= 
R4 a he aA se ae ee 
2BLN \A2 


All the formulae in this section are only valid if e? can be neglected, that is to say 


when w/ I) and v/V are small. 


3.2. Let v (u,v) du dv dx dy dz be the number of stars in an elementary volume 
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dx dy dz at the origin, which velocities between wu and w+du and between v and v 
v+dv. The epicentres of their orbits lie in a volume dav’ dy’ dz at (v, y) where 


R2dx'dy’ (R + x)?dady 
and the eccentricities and phases lie between e and e+ de and between & and 4 
VW here 


9 


u=+ A2v" n? Ve? 


Adu .dv ede .dus .n2 V2. 


p (a. y) be the number of epicentres per unit volume and if p(e?)d(e?), 
are the fractions of the squared eccentricities and phases which lie between 
+d(e*) and between ys and & +d respectively, 


u.vjdu dv da dy p(x. y) ple*) pes) 26 de dys dx’ dy 


Ly3V2R2rp(u, v) HR +-2 \Po(ax, Y)ple “)p(y). meer (5's Le 
The quantity Pls) May be calculated by supposing that the distribution of phases 
at a given place is the same as the distribution of such phases in fime as the stars 
describe their orbits. For each star 


hu2 WLai- . . - COSnO)- 


Accordingly df, the time spent in phases between & and /+ dy, is proportional to 


dus(1 + e€ cos ds)~2. and. neglecting e?. 


p(w | 


» 


9 
yy (1 +<¢ cos ys) 


Introducing this value of p(w) into (3.21) we get 


3 V2v(u. v) = pla, y)p(e*). eer es 


» 


We may suppose that the density of epicentres is independent of y but varies ex- 
ponentially with 2, or 


p(x) = pexp(—v/L) = pexpiv/2BL}. 
Since 
42 + 2v2 n2V 262. 


of the form 
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subject to 


v(w) ViU,. v)dv 


. 


is the distribution of velocities in the w co-ordinate. Let us assume that the w veloci- 
ties are observed to have an exponential distribution, or 


v(w) 


This implies that f(w2+ A2v2) is of form 
const x exp; 
and so 
p(e*) j>n? V2 exp( j*n? Ve"), 


and introducing this into (3.22) we have 


{- 


nv(u, v) p]e' 2BL exp} 72(u2 t \2y2)) 
») 


Integrating (3.24) with respect to uv we get 


p) exp; y*A2(Vv 


if (4BL)7X2)-1 and if exp (—)2A*r1") is approximately equal to unity. 
Integrating (3.25) with respect to v from — « to « and remembering that nA 
we have 


V p 
the star density being equal to the density of the epicentres. Then 


1 dv 1 dp | 


v dR pdR L 


which gives 
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is generally similar to equation (2.26). The treatment in the present section is 
ted to v |’ small and assumes that A is constant, and has of course no equili- 
brium theory to establish a connexion between the potential J)’ and the velocities. 


It does. however, show that a displacement term 7; in the tangential velocities is a 
itural consequence of a galactic radial variation in stellar density, and that the 


elliptical nature of the (w. 7) velocity distribution is a natural consequence of the 


etic orbits 


ya 


) » 
Oo.” 


If the density of the epicentres is not independent of y some changes on the 
results occur. Considering first the case where the logarithm of the density is linear, 


In p(w. y 


we have. as in 


Aid dt) 


p] 2 exp 


— exp 


{BL }7) and 7 1 (4BL j7XA7). The mean velocity of the stars now 


where wu pil 
departs. by small amounts. from the circular velocity in both uw and + co-ordinates. 


Next conside1 the case where there is a lane among the stars. or an arm ot the 
Galaxy rich in them. An appropriate mathematical representation of this is 


Inp 


the upper sign being taken for a lane among the stars and the lower sign for an arm. 
It is to be understood that this representation is only to apply for values of 2 and y 
small compared with the distance to the galactic centre 


We now have 


9 “9/9 
9 7” es | = u- 


- « (250) 


with /2 4,262.72. The term in (u produces a rotation of the axes of 


the velocity ellipse. 
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In general the quadratic 
Au? + 2Fuv+ Br? 


can be transformed to its principal axes so that it becomes 


by a rotation @ such that 


1 tan 26 


B 


Hence in equation (3.36) the principal axes of the velocity ellipse are 


rotation @ such that 
} tan 26 + Im / sk] 


in the sense of decreasing longitude (since the w axis is at longitude 148° and the 


v axis at 58°). The ratio of the axes of the ellipse is A. where 
NM en(k? =m?) 


Accordingly, if any group of stars is distributed irregularly near the Sun so that 
there is a lane of avoidance of (the epicentres of) these stars, or an arm containing 
them in abundance, we expect these stars to show a velocity ellipse whose axes are 
tilted from the ‘‘ordinary” direction (normal and radial to the centre of the Galaxy) 
according to (3.38), and whose axes differ from the “ordinary” value according to 
(3.39). We shall later discuss whether the stars of spectral type A are distributed in 


this way. 


$, OBSERVED FEATURES OF STELLAR VELOCITIES 


$.1. Some aspects of the observational material will now be discussed. It it is desired 
to work only with stars whose individual velocities are known with tolerable accur- 
acy, it is necessary to confine oneself to stars within a comparatively small distance 
of the Sun, on the grounds that trigonometrical parallaxes are extremely unreliable 
when they are small, and, of course, the transverse velocity can only be found from 


the parallax and the proper motion. Accordingly, STROMBERG (1946) examined the 


motions of 444 stars within 20 parsecs of the Sun (and with trigonometrical paral- 
laxes greater than 07050). More recently GLIESE (1957) has published a catalogue of 
1094 stars within 20 parsecs of the Sun, of which 597 stars (or 742 stars counting all 
components of multiple stars separately) have all three velocity components known. 
GLIESE tabulates the three velocity components wu directed towards longitude 148 

and zero latitude: v directed towards longitude 58° and zero latitude; and w directed 
towards the north galactic pole. The GLIESE material has been analyzed by GLIESE 
(1956) himself and by WooLLey (1958). 

There are very few stars of spectral type A within 20 parsecs of the Sun (STROM 
BERG gives 26) and for stars of this type ALEXANDER (1958) has worked out all three 
velocity components by deriving a parallax from the apparent magnitude. In this 
work it is supposed that the spread of absolute magnitude is so small that velocities 


derived in this way are sufficiently reliable. 
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For any given catalogue of stellar velocities the mean motion relative to the Sun 
may be calculated without reference to any assumed velocity distribution (such as an 
ellipsoidal distribution). Apart from this it is necessary, in order to present the 
results in a compact form, to assume a definite distribution. It is now usual to assume 
K. SCHWARZSCHILD s ellipsoidal distribution which becomes in two dimensions 


niu. 2) const x exp fa(u—ug)2 4 2f( u—Up)(v—vo) + b(v v9)?! ii Ae 


and the distribution of velocity components in any direction is Gaussian, as for 
example 
. ab 


| ne(w, v) dv const x xp, 


. 
x 


In a Gaussian distribution n(u) = const x exp (— j7u?) the dispersion o is defined 
l and so in (4.11) 


» ah f2 


If o), o2 are the dispersions along the principal axes of the ellipse, and the (2, y) axes 
are obtained by rotating the (1, 2) axes through an angle wu, 


) 9) ) ) 
51- COS“W + G9- SIN-wW 


o)- sin=W%+ oe 


If it is required to tind the principal axes of the velocity ellipse from the statistics of 
velocities in the w and v directions. we observe that in the distribution (4.1) the mean 


square value of u— wo, or (u— uo)". is given by 


y 
. 


| (a ug)- exp — alu ug)- 4 2f(u —uo)(v — vo) + b(v — v9)? }du dv 


« . 
x 


| | exp 1a(u — ug)? + 2f(u —up)(v — v9) + b(v vo)? du da: 


. . 
Vi 


1}, (ah f=) 
Similarly 


(u% —Up)(v — Vo) fi(ab—f*) and (v— v9)? a/(ab—f?). 


We now suppose that the sums of the observed quantities ©(w— wo)? ete., are pro- 


portional to (w—uo)2 ete., and set 
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where c is an underdetermined constant. Then by (3.37) the principal axes are found 
by rotating the (w, v) axes through an angle 6 given by 
X(u—uUo)(v — v9) 
I tan 26 . wees 
Y(u Ug)* Xx(v V9)? 
the quantities uw) and vp having been found by subtracting from each uw and v mean 
(or median) velocity relative to the Sun. 

In analyzing an actual velocity distribution it is advantageous to examine the 
median, which is simply that velocity such that there are equal numbers in each class 
algebraically greater and less than the median: and the dispersion median, which is 
such that when differences from the algebraic median (or mean) are taken, the 
number of differences (without regard to sign) smaller than the dispersion mediar 
is equal to the number of differences greater than the dispersion median. In a 
Gaussian distribution 


n(u) const x exp( — )*w*) 
we have 


jum 0-4769 


The method of computing the dispersion of an actual distribution by multiplying 
the median difference by 1-483 has the merit that it is rapid, and is not subjective 
(as a graphical method would be) and finally that it does not give a high weight to 
very large entries, as the method of least squares does. 


4.2. Table 1 shows the analysis of stellar velocities classified according to spectral 
type. The data for stars of type A are taken from ALEXANDER’s paper and those 
for the remaining types from that of WooLLey. 


Table | 


{nalysis of Stellar Motions acc ording to Spectral Ty pe 


Mean motion, km/set Dispersion 


o Co 
13 
16 
D4 
20 


24 


The relation between vp and o,,2 required by equations (2.26) and (3.36) is weak and 
rests on the difference between types A and F on the one hand, and types G, K and 
M on the other. To the values of vp we must add the unknown difference between the 
unknown circular velocity and the solar motion. If 

for early type stars v9 = — 13 km/sec, oy? = 529 (km/sec)? 


9 


for late type stars v9) = —18 km/sec, o,? = 1521 (km/sec)? 
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and if v~ is the excess of the solar motion over the circular motion. then for each 
class V7 = Votrvo. By (3.26) 
v0 y Vv} = 6y7/{2L(A >)! 


and A—B may be taken as 33 km/sec/kpe. We now have simultaneous equations for 


L and v- which are satisfied by 
‘Bb 3 kpe + 10 km/see 


the figures obtained being reasonable except that L is rather large to judge by 
ScHMIDT’s model (1956) of the Galaxy from which one would estimate L ~ 1 kpe. 
Since the value of vp for all GLIESE stars is — 17 km/sec. according to WooLLEy, the 
Sun leads the GLIESE stars by 17 km/sec. and with + + 10 km/sec the mean of the 
GLIESE stars trails behind the circular velocity by 7 km/sec. 

It is. however. clear from Table 1 that the solution is not of great weight. since 

is quite different for the A and F stars although ro is nearly the same for the two 
spectral types. If we disregard the F stars and also suppose the o,,° for the late type 
stars is over-estimated (on account of a selection effect that will be briefly discussed 
later) and set o,,2 5 x 1521 for the late tvpe stars. we get v + 1] km/see and 
L 1-6 kpe. These modifications show the amount of uncertainty in the calculations, 
+.3. The selection effect referred to is due to the fact that faint stars are usually put 
on parallax programmes because they show a large proper motion. It must be sup 
posed that there are a number of faint late type stars (dwarf stars of spectral type 
K and M) within 20 parsecs of the Sun which have never been distinguished from 
giants simply because they have a small transverse velocity and have not been 
observed for trigonometric parallax. Accordingly the velocity dispersion of the stars 
known to be within 20 parsecs of the Sun is higher than the dispersion of all such 
stars. The point is a well-known one and may be tested by comparing the transverse 


velocities with the radial velocities of the same stars. For an isotropic and Gaussian 


velocity distribution the mean transverse velocity is , 2 times the mean radial 


velocity and for an ellipsoidal distribution approximating to the observed distribu 
tion this ratio is , (2-156), whereas the observed ratio of tangential to radial veloci 
ties is , (5-2), for M stars (WOOLLEY, 1958). This indicates that the velocity dis- 


persion is over-estimated by perhaps 100 per cent. 


1.4. Instead of breaking up the stars into groups according to their spectral type we 
may group them according to the eccentricities of their orbits. An immediate reason 
for doing this is the consideration that the theory of section 3 only refers to orbits 
with small eccentricity. Table 2 shows various data found in this way. 

The pomt examined in this section is the tilt of the axis of the elliptic velocity 
distribution. By (4.12) this has the same sign as the sum of products X(w— uo)(v — “o). 
Asis shown in Table 2 the tilt is small in the groups with smallest eccentricity and indeed 
is not of constant sign among them, from which it may be deduced that in the case 
of stars whose orbits have small eccentricity the tilt is negligible and that the stars 
are uniformly or monotonically distributed without any arm or lane among them, 
such as discussed in section (3.3): or. in the notation of that section. .V 0. 

However, the A-type stars do not behave in this way. This can be seen in a dia 
gram given by STROMBERG (1946). STROMBERG shows tilted ellipses for stars of all 


re 
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spectral types; he does not exclude orbits of large eccentricity and does therefore 
include some fast stars which make large contributions to the product sum L(u— uo) 
(7 — vo). In STROMBERG’s diagram the tilt is much greater for stars of spectral type A 
than for other spectral types. This is confirmed by ALEXANDER, who finds a large 
tilt and moreover finds that this tilt does not disappear when orbits of large eccen 
tricity are excluded. 

It seems possible to conclude that the A type stars are distributed with their 
epicentres in an arm or lane in the sense of section (3.3), but that stars of later spec 
tral type are much more evenly distributed. In the later types the distribution of 


) > * 


velocities is (3.24) or (3.33): and in either case we have a,,2/o,2 A2, and A2 i 


fhe Sun according fo er 


Limits of 

No. of sté 

Average n - 

Mean «@ ’ eighted for stellar 


! ISS 


omputed from equation (3-181 Vi | ( + (7 —v,)? with 2 
sec. The angle # is computed from « itior 2) with the same 


31 km/sec, and classes e and ¢ 2 km/sec 


related to the OorT constants A and bby A° (B—A)/B. From Table 1 the value 
of A? is about 3 for late-type stars. If the OorT constant A is taken to be well deter 


mined from the radial velocities of distant objects and to have the value+ 20 


km see kpe, then the constant & is 10 km/see/kpe. On the other hand, for the A 


») 


stars the value for A?,,, is approximately 2 (Table 1). If we set A? 3 and A2, ? 
in equation (3.39) we get 


j-2 + (J2— 2m2) rer el) 


According to ALEXANDER the axis of the ellipse for A stars is tilted about 30° from 
the direction of the centre of the Galaxy. in the direction of increasing longitude. 
Then 


From (3.37) with A2 


] » ) 
Ht oll 
» 

~ 


\ 


and I/m (4/10+ 1)/4/3 (solution (a)) or //m (\/ 10—1)/4/3 (solution (b)). 
Since & is real, solution (a) requires the upper sign in equations (3.34) and (4.41), and 
the solution refers to a lane. Solution (b) refers to an arm. In solution (a) the numeri 
eal value of 1/m is 2°:403 so that the lane is normal to the direction inclined at an 
angle cot-! 2-403 or 23° to the w-axis turning towards the v-axis: that is to say, 
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normal to longitude 148° — 23° or 125°. In solution (b) the numerical value of //m 
is —1-248 so that the arm is normal to 187 

The lane runs in the directions 35° and 215° longitude. By (4.41) the value of k 
is 0:74. Since k? = 4)°B2.M? = 2B2M?/o,? this value of k leads to a value of JV. 
Taking B = 10 km/see/kpe and o, = 18 km/sec for the A stars, we find WM = 0-94 
kiloparsecs. 

The representation of the actual distribution of stars by an arm in the Galaxy or 
by a lane is, of course, an over-simplification. The distribution of hydrogen as shown 
by 21 cm radiation does suggest a lane, generally in the direction of 35° longitude, 
vAN DE Hust, MULLER and Oort (1954)), but the distribution of early type stars 
given by McCuskKEyY (1956) suggests rather an arm in the general direction of 97 
longitude. It seems quite likely that the tilt of the velocity ellipse of the A stars is in 
fact connected with irregularity of the space distribution of these stars. 


5. PERMANENCE OF VERY OPEN CLUSTERS 


A question of interest is the permanence, or otherwise, of open clusters—that is to 
say. of groups of stars travelling together at such distances from one another that 
they are not held together by mutual gravitational attraction. The idea entertained 
formerly (for example by EppInGTon when he wrote Stellar Movements and_ the 
Structure of the Universe, 1914), was that the stars moved with parallel velocities. 
The requirement of parallelism was severe. For since 1 km/sec equals 1 parsec in 
106 years, and since the groups were supposed to be 101° years old, a group seen to 
occupy a volume of diameter less than 10 parsecs must possess velocities with differ- 
ences of order 10-3 kilometres per second. We no longer suppose that all stars are 
1010 years old, but there may well be groups at least 108 years old. Further, stars in 
quite different parts of the sky are supposed to be travelling with common velocity. 
The group of stars apparently travelling with the Hyades has been discussed recently 
by E@e@en (1957) and the order of magnitude of the diameter of the group discussed 
is at least 100 parsecs. Over such distances the requirement of strict parallelism 
becomes modified. A star moving with the motion (3.11) repeats its distance from the 
centre of the Galaxy when 7@ has increased by 27. Calling the time to perform this 
the period P;, we have 


) 


or. neglecting e? and using h onLoe 

P, 27771/O¢ 
the period of the epicentre of the star's orbit. Considering orbits with different 
distances of their epicentres from the galactic centre, 
dP, day WD) dO, dw 


P, coe (-), dw room 


The value of (24/(A —B)) is about 4/3. Two stars whose epicentres are separate in 


distance from the galactic centre by one per cent will have periods differing by 4/3 
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per cent, and will separate in distance transverse to the galactic centre by 27 x 4/3 
per cent or about 8 per cent of the distance to the galactic centre, in each revolution 
round the galactic centre: or, by about 800 parsecs in 108 years. Hence for stars in an 
open cluster to stay together within a distance of 100 parsecs in a life of 108 years 
the periods must be equal within one eighth of one per cent, and so on. The condition 
of parallel velocity postulated in the absence of galactic forces and valid over small 
interstellar distances must be generalized to a condition of equal galactic period with 
rather severe tolerances. 

Consider an origin at a distance R, from the galactic centre moving with velocities 
wu; and 7 relative to the circular motion }’; at R;. Ifa star has co-ordinates (x, y) and 
velocities (vw, v) relative to this origin, the star has a (tangential) velocity 

dV 
vy—2 
dk 
relative to the circular velocity at its own place, and its epicentre is, 
located a distance 


aV 
allt “dR 


inside its present position. The x co-ordinate of the epicentre relative to the origin 


at FR, is therefore 


ly, . wW 
= ae ‘dR 


The condition that a group of stars should have equal galactic periods is the con- 
dition that their epicentres should all have the same distance from the galactic 
centre, or 

l = v 

2B dR 2B 


constant for the group. The condition of equal period is accordingly 


dv dV 
— = 264 
dx dk 
In the ordinary formula for galactic rotation (in stars all proceeding with the circular 
velocity) we have 
dV 
dk 


A group of stars with equal galactic period accordingly shows the phenomenon of 
galactic rotation with the coefficient —(4—#) instead of —(AdA+ 8). Since A is 
positive and B negative, the group rotation is greater than galactic rotation perhaps 
by three to one (the value of 6 being uncertain). If 4-6 = 30 km/sec/kpe the 
velocity gradient is 3 km/sec per 100 parsecs, a quantity hard to determine but 


perhaps just observable in actual very open clusters. 
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If stars in open clusters do stay together by reason of their possessing nearly equal 
galactic periods. the stability of the cluster is due to the initial motions of the stars 
when first formed being such as to lead to equal periods; that is to say that the stars 
possessed these equal periods if and when they formed by condensation out of a large 
interstellar gas cloud. If the original gas cloud was large and withstood the same 
galactic shearing forces as would break up an open cluster, it must have done 

Vv possessing the appropriate rotation (5.1). One may either suppose that 
gas clouds do or do not possess this rotation by chance, and if they happen to do so, 


they form stable clusters: or else that the cloud is somehow held together (for example 


by magnetic fields—a suggestion I owe to Dr. PAGEL) and that the interaction 
between cohesive and oravitational forces compels the cloud to rotate in such a 


mannel that its various parts have equal galactic periods 


6. CONNECTION BETWEEN ORBITS AND COLOUR-LUMINOSITY ARRAYS 


By equation (3.19) the distance from the Sun to the centre of the Galaxy being R, 


the closest approach made by any star to the centre of the galaxy is 


| 
R4 4 eas 
2BIN \A 


2/ being a negative quantity. The theory which gives this result neglects the squares 
of the eccentricities of the orbits and is therefore unreliable when the star penetrates 


1 quarter of the way to the galactic centre or more. but nevertheless classification 


ot perigaiactic distances with the help of this equation IS some ouide to the approaches 


made by various groups of stars to the galactic centre. even if the division points 
given by 6.1] ire inexact 
Accordingly WOOLLEY and EGGEN (1958) classified the stars in the solar neighbour- 


hood by computing the velocity 


The stars were then classified as follows 


al 


Oto 9 km/see 


If one adopts — 2B 20 km /sec/kpe and R 10 kpe, the division point between 
classes D and E is halfway in to the galactic centre from the Sun: but as has been 
said this is inexact, although the order A, B, C, etc.. does represent increasing 
approach to the galactic centre. 

Having classified the stars in this way WooLLey and EGGEN constructed colour 
luminosity arrays for the six classes. These are reproduced on pp. 272-274 of this vol 


ume 3 of Vistas in Astronomy. The arrays show a gradual change from that of class A, 
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which resembles that of the Pleiades, to that of class E*, which resembles that of the 
open cluster M 67. In class A there is a main sequence extending to stars of spectral 
type A, and in class E” there are no stars of spectral type earlier than G, the giant 
stars being red. 

In terms of current evolutionary theory the Pleiades is a new cluster, while M 67 
is an old cluster in which the giant stars have left the main sequence to become red 
giant stars. Accepting this interpretation the stars with more or less circular orbits 
in the neighbourhood of the Sun (and those whose orbits lie mainly outside the Sun), 
that is the stars of class A, are of comparatively recent formation, but those which 
are now in the solar neighbourhood but have come out from the galactic centre. 
the stars of classes EK and E> are considerably older. This state of affairs agrees well 
with BAADE’s observation that the giant stars in the centre of the Andromeda 
nebula are red, and the interpretation which is put upon this, that the stellar popula 
tion at the centre of a galaxy is old and the population in the outer parts new—star 
formation, in fact, starting at the centre of a galaxy and proceeding outwards. The 
old stars in the solar neighbourhood are distinguished by their high velocities 
(specifically by high values of the derived velocity v) and are interlopers in the solar 
neighbourhood coming from the inner parts of the Galaxy. 


KQUIPARTITION OF ENERGY 


We may refer here briefly to the suggestion of equipartition of energy conveyed 
in Table 1, which is simply that o? increases from spectral type A to the later spectral 
types, while the masses of the A stars are greater than the masses of the K and M 
stars, if these are dwarfs, which is true of the great majority of stars in the solar 
neighbourhood. We have, however, seen that selection by proper motion increases 
the value of o° for the late type stars: also it is not clear that velocity differences 
from the circular velocity should be used in this way. Velocities in the direction 
perpendicular to the galactic plane are free from the latter objection. Among the 
nearby stars in GLIESE’s list there is considerable variation in mass (deduced from 
the absolute magnitude by the mass-luminosity law) and when the w-velocity dis 
persions are classified according to stellar mass there is no significant variation 
(WooLLEY, 1958, Table VI). The attempt to establish equipartition of energy by 
classification according to spectral type is probably misleading, as the A stars 


behave in a peculiar way, as is shown by the peculiar tilt of their velocity ellipse. 


Moreover, stars of spectral type A are unrepresented in the fast star classes C to E 
which come from the centre of the Galaxy. Massive stars in these classes have become 
red. 

It is worth referring to this topic mainly because the idea of equipartition has 
been quite firmly held in the past; ef. Bok (1946). Contemporary estimates of the 
time of relaxation of velocities due to stellar encounters in the solar neighbourhood 
are of order 1012 years, and therefore much older than the ages of the stars (not more 
than 1019 years), so that it is now generally held that there has not been time to set 
up equipartition of energy in the neighbourhood of the Sun. 

It may, however, be unwise to regard this question as entirely closed, and 
OGORODNIKOY (1957) has recently argued that the time of relaxation of galaxies is 
only of order 10? or 108 years. (The classical value of 1012 years or more is deduced 
from star-to-star encounters, and the shorter time of relaxation can be obtained if it 
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is assumed that 10 per cent of the matter in galaxies is accumulated into condensa- 
tions of 10° or 10® solar masses.) O@ORODNIKOV argues that the SCHWARZCHILD ellip- 
soidal velocity distribution and the observed uniform rotation of galaxies require 
the short relaxation-time scale. The former argument is not at all supported by 
section 2 and 3 of this article. 

Nevertheless the fact that “older” stellar populations exhibit greater velocity 


“younger stellar populations is probably an argument for dis- 


dispersions than 
turbance to stellar velocities more vigorous than star-to-star encounters. Possibly 
some reconciliation of various points of view can be effected by recognizing that 
there is not a single time of relaxation for all aspects of disturbance to stellar veloci- 


ties 
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The Rediscovery of Neptune 


A. LytTTrLeton, F.R.S. 
St. John’s College, Cambridge. England 


SUMMARY 


The methods used by ApAmS and Lr VerRRIER for the prediction of the position of Neptune led to 
extremely extensive calculations, and the question still remains open whether any much simpler approach 
is possible that could have led to comparably accurate prediction with much reduced effort of caleula 


tion. Such a method is presented. It turns out that the time of conjunction with Uranus can be derived 
with very little calculation using only elementary considerations applied solely to the (observed) dis 
crepancies in heliocentric longitude. The instant so found is only about six months later than the actual 


95 


value. On the basis of a circular orbit for the iknown planet, its position at discovery (25 years later 


than conjunction) even using Bode’s law for the size of orbit is then only some 13° away from the actual 


position, and in fact within the zone that CHALLIS began to search, and so probably sufficient for ultimate 


discovery However, the distance appropriate to a best-fit of the observations can also be ound, and 
this makes a considerable improvement in the predicted position. By suitably combining the juations 
ot Thre } 

ean be reduced from four to two, and with any assumed radius for the (circular) Neptune 

e reduced to three 


of condition, the number of unknowns associated wi the necessary correction 


the mass of the planet is unknown. Thus the numbe 


assumed mean distance) compared with eight in the origi metho Sven with the extra 


calculation of the coefficients in the perturbations for a fficient number of assumed mean dis 


there results an enormous reduction in the amount calculation. For the demonstration of the 


further economy of arithmetic has been achieved by making e only of a part of the 


material that was actually available at the time (the so-call modern’ observati 


the procedure suc ls in predicting a position of Ney e (in 1846) with the 


Le VERRIER and more accurately than ADAMS 


INTRODUCTION 


THE planet Uranus was discovered in 1781, and Neptune in 1846 as a result of studies 
of the discrepancies in the motion of the former unexplained by the action of other 
already known planets, here Jupiter and Saturn. The hypothesis of a further planet 
superior to Uranus was an obvious possibility, but the steps needed to proceed from 
the bare hypothesis to the actual discovery were apparently beyond the resource 
and courage of most astronomers of the day. ADAMS and LE VERRIER alone carried 
through the requisite mathematical labours that seemed to them to be involved, 
though BEsSEL was also preparing to attack the problem in the months preceding 
his death. However. for the purposes of the present discussion, it is important to 
emphasize at the outset that the success achieved by both ADAms and LE ‘VERRIER 
was only partial. Each of them had aimed not only at discovery of the planet but 
also at the calculation. from the known residuals of the motion of Uranus, of the 
whole set of orbital elements of the hypothetical planet and its mass. assuming only 


that it moved in a path coplanar with that of Uranus and at a mean distance given 


approximately by Bopr’s law. Had these latter elements been satisfactorily deter 
mined, the position of the planet at any time would follow, and its telescopic dis 
covery made possible. But in fact the orbital elements they found could not be 
regarded even as approximations to the true values, later ascertained. With sufficient 


accuracy to demonstrate the differences. their values were as follows: 


SY 
) 


ol Neptune 


Neptune 


30-07 
4 284 
O-OO86 0-108 


9.300 9350 


Nevertheless. these values enabled the position of the planet in the year of dis- 
covery 1846 to be predicted to within about 1° by means of the elements found by 
Le Verrier. and to within about 2)> by those given by Apams. The ultimate cause 

erroneous elements lay of course in the adoption of Bopr’s law for an empiri- 
indication of the mean distance: unfortunately for the investigators, although 

»law would have closely predicted the mean distance of Uranus before its discovery, 
it entirely fails for Neptune. Thus the achievements of ADAMs and LE VERRIER were 
in fact limited simply to that of discovery at the time. and did not include the prior 
evaluation of the orbital elements. 

There can be little doubt that both ADAms and LE VERRIER must have begun by 
thinking in terms of a circular orbit, just as they assumed throughout an orbit 
coplanar with that of Uranus. but it would soon have become clear to them that 
such an orbit with radius given by Bode’s law could not hope to satisfy the observations. 
The introduction of an eccentricity, and with it a longitude of perihelion, both to be 
determined subsequently, became inevitable, and led them as it did into extremely 
extensive calculations. Furthei complexity enters from the fact that the elliptic 
elements already derived for Uranus, after removal of the known effects of Jupiter 
and Saturn, were necessarily in error by amounts depending principally on the mass 
of the unknown perturbing planet, and so it becomes necessary to include as further 
unknowns corrections to the four elements of the (coplanar) orbit of Uranus. This 
leads to equations involving eight unknowns, even after the assumption at the 
outset of a definite value for the mean distance (of Neptune 

The resulting calculations were applied to observations not only from 1781 to 
1840 (in the work of LE VERRIER to 1845). but also to the so-called ancient observa 
tions of Uranus dating back to 1690. which refer to unnoticed recorded observations 
of it prior to discovery and retrieved afterwards, and with this long period of observa 
tions available the resulting numerical work was extremely lengthy. 

The successful outcome, in the matter of actually finding the planet. naturally 
aroused great enthusiasm. and understandably deflected attention from the interest 
ing technical question raised by the fact that the actual orbit of the planet, soon 
after computed. differed so much from the predicted ones. In describing the work 
as representing the very zenith of mathematical skill. there was possibly some 
element of pardonable exaggeration in the atmosphere of great excitement that such 


a discovery at such a time must have created. But even in the centenary celebrations 


of the event in 1946 there was some repetition of the lavish praises ot a century 


earlier. It was at this time that the present investigation had its inception. In dis- 


cussion with J. E. LirrLewoop,! the author ventured the opinion that it might well 


Miscellany, 
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be possible to have discovered the planet by much more direct and elementary 
methods not involving such excessive calculations, and found that this same view 
had been held by J. E. LirrLewoop himself for many years. In virtue of the erron- 
eous orbits found by ApAMs and Le VERRIER, we agreed that the modern form of 
the problem could be put as follows: 


What is the simplest theoretical approach and minimum amount of calculation 


that could have led to the discove ry of the planet? 


The answering of this question is the object of the present paper. We shall take the 
requirements of this question as our guide throughout, and so from the outset abandon 
any idea of attempting to calculate the orbit of Neptune in detail. Instead, the sole 
object will be the prediction of its position on 23 September 1846, the date of dis- 
covery. Also. wherever possible we shall endeavour to reduce the amount of arith 
metic, using less observational material than was actually available, using fewer 


equations. and so on. The various economies will become apparent as we proceed 


2. THE OBSERVATIONAL MATERIAL 


The principal quantity actually showing the discrepancies produced by the un 
known planet is the heliocentric longitude of Uranus, and this of course has to be 
deduced from the actual observations of the planet. The basic material that will be 
used consists of the differences in heliocentric longitude as between that found from 
observations and that given by the ellipse of closest fit for the period prior to 1840 
(that is after the removal of the effects of Jupiter and Saturn). This material has been 
tabulated by ADAms? at intervals of three vears at the beginning of each particular 


vear, as follows 


The present work has not used any other data beyond these, making in fact no use 
of the observations at intervening times, nor of the aricient observations which in 
fact extend over nearly a century prior to discovery. While this may result in some 
loss of accuracy. it involves considerable economy of arithmetic, and thereby is in 


accord with the spirit of the enquiry. Also we are here concerned primarily with 


method rather than with achieving the utmost possible accuracy of prediction. 


Apams, Collected Works, p. 11, Cambridg 
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This observational material when plotted on a graph (Fig. 1) gives a series of 


points through which it is clearly impossible to draw accurately any reasonably 


smooth curve, and it is plain from any such attempt that the above figures must be 
subject to errors of the order of 0°5 (omitting what appears to be an unduly large 
error of about 3”0 in the value for 1789).3 Inthe treatment we adopt, a smooth series 
of values is desirable for two reasons. First, the procedure to be explained for deter 
mining the time of conjunction in longitude of Uranus and Neptune depends on 
second differences of the discrepancies in longitude, and these tend to magnify 


3-year intervals in 
of Table 2 


random errors; and second, the corresponding values (to Table 2) for intermediate 


years, viz. 1781, 1782, 1784, ete.. 
polation between the above values when these have been smoothed. Now inspection 


are later required and are obtained by simple inter- 


of the points of Fig. 1 makes clear that although it is possible to draw a smooth 
curve to cover the observations from 1780 nearly to 1800 (again with the exception 
of 1789 which must be too large a value on any basis) and again from about 1820 
on to 1840, it is difficult to draw any unique such curve to represent the intermediate 
points from about 1800 to 1820. In fact of course the accurate values would lie on a 
smooth curve the form of whose equation could be determined dynamically only 


were everything already known about the system; in other words knowledge of 


TI jue coul > an error Of Copying Tor 16702 
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even more than the things we seek to find. To make a least-squares fit, some analyti- 
‘al form must be assumed, and as any such form cannot be adequate, the actual 
course we decided to adopt is to represent the observations between 1801 and 1819 
by a straight line parallel to the abscissa at such a level (in fact at 22"75) given by 
the mean height (ordinate) of all the points in this interval. This appears to provide 
the simplest way of getting over the difficulty of drawing the “‘proper’’ curve through 
the points and of avoiding any tendency to shift the observations in any systematic 
way that might introduce bias. By this means the perfectly definite curve of Fig. 2 
was arrived at as representing the observations. The values for the years of Table 2 
are then corrected to the curve values, while those required for intervening years can 
now be taken directly from the curve quite unambiguously as required. In this way 
we arrive at the following values which will be used as the basis of the calculations 


of this paper: 


Table 3 


} 
Smoothed values o 


1796 
97 
Qs 
YY 

L800 


y 


11 
12? 
| 
] 


180] 


1816 


1817 


) 
() to 
)- 

» 


16740 
17" 45 
18725 
19”00 
19”9 
20"6 


2170 


The method we shall use to “predict” the position of Neptune for the actual day 
of discovery falls into two separate parts. The first stage of the calculation is con- 
cerned solely with the determination of the time of heliocentric conjunction of the 
two planets. This having been found (in fact within about 6 months of the actual 
instant), it turns out that a considerable range of assumed mean distance for Neptune 
would predict the position for discovery within, say, +15° of longitude without 
further calculation. The second part of the investigation is then concerned with the 
question of finding the best estimate of mean distance on the assumption always that 
the unknown planet is moving in a circular orbit. Such an assumption is quite as 
reliable a “law” for planetary orbits as is Bopr’s, and as already remarked might 
equally well have been adopted by ApAmMs and Le VerRRiER had they not been 
concerned with the difficulty (see later p. 37) brought about by the manner in which 
the mass and mean distance are together involved in the dynamical theory. In 
the line of attack pursued in the second stage of the present work, however, where 
a succession of assumed values of the mean distance is adopted, the mass enters 
only linearly, its coefficient depending intricately on a/a’, the ratio of mean dis- 
tances, and it can be solved for by least squares in a straightforward way. 
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Accordingly we shall at this later stage work with the assumption of a strictly 


circular orbit for the unknown planet. 


3. NOTATION 


In accordance with the standard notation of planetary theory we shall use un 

‘ented letters m. a. n. ¢ e. @ tor the mass and elements of the Inner planet. VIZ. 
and accented letters m’, a’, n’ for the required elements of the unknown 
The Sun's mass is taken as unity. The time will usually be denoted by t. 


The assumption made by both ApAms and Le VERRIER of coplanar orbits in the 


vlane of the ecliptic is adopted throughout of course 


DETERMINATION OF THE TIME OF HELIOCENTRIC CONJUNCTION 


most direct dynamical property that could conceivably lead to a determination 
stant of conjunction is clearly the variation of angular momentum of Uranus, 

it any stage is defined in the usual notation by r2z h. For a considerable 
efore conjunction Neptune will be ahead of Uranus in longitude and so dh/dt 
be positive, whereas after conjunction it will be negative. Immediately on either 
unction, however, the rate of change of / will be small since the pull of 


be almost along the radius vector of Uranus. Thus the curve of h 
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against ¢ will be very flat-topped at and near conjunction anyway. Nevertheless, if 
h were known with sufficient accuracy over a range containing the time of con- 
junction, its derivative would vanish at the instant of conjunction. The idea fails in 
practice for the present case, however, because although v is well determined, the 
radius vector 7 is not capable of determination with anything approaching the same 
accuracy, and the resulting plot of r?z7 against time does not produce a curve suffi 
ciently smooth and regular to allow the instant of vanishing gradient to be read off 
at all precisely. But it happens that a far more accurate alternative procedure based 
entirely on considerations of the longitude v of the planet is possible. 

To explain this, consider a planet m moving in an accurate newtonian elliptic 
orbit of small eccentricity e. Then its heliocentric longitude v at any time ¢ is given 
by the well-known formula 


nt + 2e sin (nt - TD ), ak (1) 


wherein we agree to neglect all terms in e? and higher powers of e. (For Uranus the 
value of e is 0-047). If now for any reason values of n, €, e, and a were adopted that 


differed from these by small amounts depending on the mass m’ of a perturbing planet 


and v calculated by means of these slightly different elements, the resulting error in 
longitude would be given by 


Av thn + Ae + 2Ae sin (nt+e—@z) 
t De(N\e Ao) cos (nt w)- 2etAn cos (nt +e or 


Each of the first four terms on the right, including that in e(Ae—A), wis of order m’ 
if the differences of the elements are regarded as due to perturbations by m’. But the 
last term in (2) is of order em’, since An is of order m’. Accordingly this term is small 
compared with the others and can be neglected. It is in fact this feature of the 
expression for Av that permits the time of conjunction to be found with reasonable 
accuracy by elementary methods, as will appear below. Hence, on the basis that we 


neglect all terms O(em’). we have 
Av m'(a+bt+c cosnt+d sinnt) eee 


where a, b, c, and d are constants simply related to the elliptic elements appearing in 
(2). Also, it may be noted that any approximation to the value of the mean motion n 
that differs from it only by an amount of order m’ can equally well be used in (3) 
without affecting the form for Av, since the effect of any such change will be of 
order m’? on Ar. 

Consider now an elliptic orbit # fitted to the observations of Uranus (im) after the 
removal of all known dynamical perturbations (that is, after removal of the effects 
of Jupiter and Saturn, which accordingly need not hereafter be referred to). These 
observations will not of course be capable of proper representation by such an ellipse 
since they contain the effects of the unknown Neptune (m’). Let us write then 


Up (t) longitude of m in the ellipse # best fitting the observations, 
and 
v(t) the observed longitude of Uranus, m. 
Then the discrepancy, 6 say, in longitude (Tables 2 and 3) at any time may be 


written 
0(t) v(t)— v(t). een) 
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Now let vp denote the longitude that Uranus would have in its instantaneous 
elliptic orbit, Hg say, corresponding to the (unknown) time of conjunction to, say, 
which it is our prime object to determine. The ellipse Zo is the path that Uranus 
would describe from tg onwards (and backwards) in time if the action of m’ were to 
cease at the instant fp. The orbit Ho is of course not known, but it will clearly differ 
from E and from the actual path of m by terms of order m’ and higher. 

Also let w(t) denote the perturbation in the longitude v of Uranus produced by 


Neptune since time to. (The value of t—fo can be both positive and negative of 


course. ) 


To clarify these definitions by setting them out, we have then at any time f¢ 


observed longitude of Uranus. 
calculated longitude of Uranus from the 
known best-fitting ellipse F, 

the (unknown) longitude of Uranus 


in the instantaneous ellipse Ho (unknown), 


relatiol each quantity V1Z. Vo vy and mw. as we have seen. is of order 

‘are proposing to ignore all smaller terms involving O(em’). So in calculat- 

ing any terms involving the eccentricity can be ignored, which means in effect 
that for the present purpose both Uranus and Neptune can be regarded as moving 
circular orbits. But clearly when the orbits are circles the quantity w has equal and 
values at equal times before and after conjunction, that is for equal and 
opposite values of the time from fp. that is at say ty 7. (The actual form of the ex- 
pression for w is given later (p. 39) but is not explicitly required for the present 


purpose 


to denote time measured from conjunctio1 


Wz 
then W has the Important property that it is an odd function of 7. that is 


HW ) W (7). Ser 


Returning now to equation (5), the difference 79—v, represents the difference in 
longitude between two elliptic orbits whose elements differ by such amounts (of 


order w as to make expression 4 applicable. Hence (5) becomes 
C GCOS nity + NT 1d sin ( 
terms of new constants this can be written in the form 


Cr+ D sinnz 
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and it will be observed that the final expression in curled brackets is an odd function 
of r. It is this feature that enables the time of conjunction to be found with con- 


siderable closeness. For this purpose, it follows at once from (7) that 


(fg —T) A+ B(1—cosnr)—§Cr7r4+ D sinnr+ Wir)? 


L 
while 


20(to) 2A. 
and these combine to give the simple relation 


0(f9 + T) — 20(to) + (fo 
B constant. eres co) 
COS 1T 
If we denote the numerator here by A?(z7), then it represents a second difference of 
the observed discrepancies 6(¢), and it is this form (8) that provides us with a criterion 
for determining conjunction. The rule it supplies is in words simply this 
Select an instant tp. calculate A2(7) d(to +7) — 28(to) +8(to— 7) by means of 
Table 3 for a number of values of 7, divide each by the corresponding factor 
(1—cos nr), and the resulting quantity will be (approximately) constant if fo 
has been selected at conjunction. A series of values of fy will enable the time of 
conjunction to be found. 


The constancy of p(z) will of course be only approximate because of the terms in 


em’. and others. neglected in arriving at (8). 


5. NUMERICAL APPLICATION OF THE RULE FOR FINDING CONJUNCTiUN 


For this we make use of Table 3, and take for ty) in turn the instants 1813-0, 
1816-0, 1819-0, 1822-0, 1825-0, and 1828-0. Values of 7 at intervals of 3 years 
were used since the Table gives these readily. The second difference A2(7), as ex 
pected, is unsteady for small values of 7, especially 7 3, and to some extent 
~ 6, because of the errors in 6(¢), as explained earlier. Accordingly the values for 
T 3 are not utilized at all. 

Having calculated A(z) and p(7), the mean p of the latter quantities (weighted 
as explained below), is next found, and then the mean square difference (m.s.d.) of 
the values, p(7)—/, is calculated to provide a measure of the constancy of p(r) for 
each selected time of conjunction fo. The resulting quantity, when graphed against 
to, shows an extremely marked minimum (just later than 1822-0) which can be read 
off to give the time of conjunction. The various quantities are tabulated in Table 4. 

To take some account of the unsteadiness of A?(7) for the smaller values of 7, the 
values of p(7) were first given weights increasing outwards, thus | for 7 = 6, 2 for 
r 9, 3 for 7 12, and so on. These weightings are shown under (a) in Table 4. 
and they lead to a certain value of the mean square difference. However, with 
increasing 7, the neglected terms in e¢ are likely to have greater effect, and a second 
set of weightings were given at first increasing with 7 and then decreasing to take 
some account of this. These weights are shown under (b) in Table 4. The result of 
taking equal weighting throughout is shown at (c). The calculations make it evident 
that the resulting time of conjunction is scarcely affected at all by the weighting 
factors, and the three curves shown in Fig. 3 corresponding to the different weight- 
ings demonstrate this. 
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All these quantities and the values of p(r) are shown in Table 4 for a series of six 
values of tg spaced at intervals of 3 years. The function p(7) is clearly most nearly 


constant for the year 1822 of those tabulated, and the graph of the mean square 
differences for the three weightings shows the minimum to come at about 1822-3 in 
all three cases. We have therefore arrived at the important result: 


Predicted time of heliocentric conjunction 1822-3. 


As a matter of interest we may note at this point that the actual value was about 
six months earlier at 1821-74. 

In the further calculations that are made it is convenient to take for the time of 
conjunction the exact beginning of a year so as more simply to use the observational 


material. and of course for the reason what we are here concerned more with method 


Table 4 


IS13 to 1828. to test its ¢ 


93-31 
96-63 


Y6H-SS 


4 | 
ervational materi 


ears, and so o 


than with making extreme accuracy of prediction a century after it could be of 
direct practical value. It would be tempting, even for the demonstration of method, 
to choose the nearest year, viz. 1822-0, but this rounding off brings us closer to the 


actual time of conjunction. Accordingly, to avoid the possibility of improving things 


in this way. we will in fact adopt 1823-0 as the instant of conjunction, and proceed 
on this basis for the actual further calculations. (It would in fact be possible, as will 


be seen later, to introduce a small correction to the time of conjunction and solve 
for it, if extreme precision were our aim.) The initial error introduced by this later 


adopted time, as compared with 1822-0 say, will be the difference in the angular 


motions of Uranus and Neptune in 1 year, which in fact amounts to about 2°, and 
will start the unknown planet this far ahead. The actual predicted value for 1846-7: 
turns out to be about 1° ahead of the true position, the method (to be explained 
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below) evidently tending to correct somewhat, so that if 1822-0 were adopted and 


similarly investigated it would probably lead to a closer prediction, and in any event 


to a place not more than 1° behind the actual place. 


18.-—-——$___——_—— 


3. Graphs showing degree of constancy of p(7 Che ordinate represents the root 1 


plotted at tf, = 1813, 1816, 1819, 1822, 1825, and 1828. The different curves corre 


to different weightings in Table 4. For each the minimum occurs at about 1822-3 


+ equal weightings of 
welghntings increa 


weights increasing and then decreasing. 


6. PRELIMINARY ASSESSMENT OF THE IMPORTANCE OF A KNOWLEDGE OF THE TIME 


OF CONJUNCTION 


The time of conjunction having been fixed at 1823-0, and on the basis of Neptune 
moving in an accurately circular orbit, it is a simple matter to calculate its longitude 
for any assumed size of orbit on the date of discovery 23-73 years later. The angular 
rate of such a planet is proportional to a’~’, where a’ is its assumed mean distance, 
and the curve of Fig. 4 shows the resulting position for values of @’/a@ varying from 
about 1-4 to 2-1. 

The curve of Fig. 4 shows at once that a range of only + 10° in longitude on either: 
side of the discovery position is covered by the relatively very great range of a’/a fron 
about 1-43 to 1-89. Even on the simple assumption of Bopr’s law, viz. a’/a = 2, the 
predicted longitude is only about 13° behind the actual position. Thus the determina 
tion of the time of conjunction, for the particular circumstances of Neptune at the 
time, would in itself have sufficed to give a fair indication of the region of the sky 
to be searched. At Arry’s suggestion, CHALLIS actually decided to take a zodiacal 
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belt 10° wide and extending 30° in longitude. If this had been centred on the place 
here indicated by Bopr’s law (with the present approximate time of conjunction), 
the planet would have been well inside the area, and eventual discovery quite 
possible. The use of more observations than here made use of might well give a 
better determination of conjunction and possibly reduce the error of prediction (by 
BopeE's law) to about 10 

In Fig. 4. the limits of distance (in a circular orbit) are also indicated that corres- 
pond to the errors of the predicted position made by the methods actually used. 
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hic. 4. Curve showing the predicte d positions of Neptune at the date of discovery (1846-73), based 
on conjunction at 1823-0, for values of the distance ratio a’/a ranging from 1-4 to 2-1. The long 
horizontal line shows the actual longitude of Neptune at discovery (328°-4), and the short lines 
10se made by ApAms, by LE VERRIER, 


the permissible limits of a’/a for errors not exceeding 
ind for an error within 10° of longitude 

LE VERRIER (1° error), range 1-60 to 1-645: Apams (23 rror), oT t 8: of 
longitude, range 1-43 to 1-89 


which amounted to about 2}° for Apams’s calculations, and to about 1° for those of 
Le VERRIER. These limits are marked on the curve by short horizontal lines. A pre- 
diction error not exceeding that of ADAMs is seen to be possible if the ratio of distance 
a’/a could be deduced from the observations, by further calculation, within the range 
1-57 to 1-68, while the closer prediction of LE VERRIER would be covered by a range 
of about 1-60 to 1-645. 


R. A. LYTTLETON 37 
The question accordingly arises, in view of the serious failure on this one important 
occasion of Boper’s law, which had it held might have rendered discovery so easy, 
whether by simple methods not involving arduous arithmetic a close estimate of the 
mean distance of Neptune can be made from the observational material (Tables 2 and 
3). It will appear that this is in fact entirely possible, and a result is obtained that 
agrees within about 1° of the actual longitude. We proceed to explain the means of 
achieving this, but it will help to explain the method if beforehand we discuss what 
was involved in the method of Le VERRIER, and in principle also that of ADAms. 


Wuy ApDAMS’s AND LE VERRIER’S METHODS WERE SO EXTENSIVE 
IN APPLICATION 


With only a best-fitted ellipse to represent the position of Uranus, the accurate 
analytical expression for its position (assuming coplanar orbits in the ecliptic for 
both Uranus and the unknown planet) will in fact involve nine unknowns. First of all 
the accurate but unknown elements of the elliptic orbit of Uranus after the removal 
of all perturbations will mean four unknowns, which in fact can be considered as 
small corrections An, Ae, Ae, and Aw to the known approximate elements of m, and 
so entering the equations only linearly. Over and above these will occur the elliptic 
elements of the unknown planet, namely a’ (which settles n’), €’, e’, and aw’, which 
together with its mass m’ make nine in all. Once ADAMS and LE VERRIER decided 
on a non-circular orbit for m’, the introduction of the elements e’ and w’ could not 
be avoided, and conjunction not being known, e’ also has to be introduced. It is 
these that cause the great difficulty. 

The natural object of any process for determining such quantities as these is to 
arrive in some way at linearised equations that can be treated by least-squares. As 
far as the corrections to the orbit of Uranus are concerned, these will enter linearly. 
But as to the others, the form that the principal perturbations of m due to m’ take 
is given by:4 


P(t) m' > F, sinii(n’—n)t+e’ 
l 


tm’e’ > H; sinfif(n’ n)jt+e —e}+ni- 
Laman 


x 
to the first order in m’ and in the eccentricities. In this expression, the coefficients 
F,. G,, H,; are functions of the ratio of the mean distances, and have elaborate forms. 
For instance (TISSERAND, loc. cit. p. 366) 
. (10) 


wherein 2, 


Al 


4 FEF. Tisserand, Traité de Mécanique Ceéleste, 
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with similar expressions in infinite series for G,; and H;. Accordingly, unless a definite 
numerical value is assumed for a/a’, there is no possibility of arriving at linear 
equations. This plainly is why both ApAMs and LE VERRIER were tempted to adopt 
Bope’s law. But even with a/a’ settled, rightly or wrongly, there still remain eight 
unknowns. and quite apart from the large task of solving the corresponding equations 
of conditions. not all these remaining eight quantities occur linearly. The principal 


difficulty arises from the unknown e’. If as is usual we write 


then (9) may be put in the form 
P(t Fim’ + Hm'h’ + km’) ere (le 


wherein now F., H, and AK depend trigonometrically and not linearly on the unknown 
sines and cosines of e€’. 2e’. 3e’. and so on, entering according to how many terms 
4) are retained. 

To meet this difficulty. LE VeRRIER first reduced the number of observations to 
be used to 18. taking means to arrive at best values. spaced out over the period from 
1690-98 to 1845-70. He then in turn took 40 values of «’ at 9° intervals. so that the 
whole possible range from 0° to 360° was covered. For each assumed value of e’, the 


, 


expression fo! P(t immediately becomes linear if the unknowns are regarded as 


md and m’‘h and it is then possible to solve the equations of condition by least 


squares. Having carried out forty such solutions, LE VERRIER then selected that one 
iving the best fit to the whole series of observations, and in this way arrived at the 

ue « 252° as the best value. Once such an approximately satisfactory value of 

« became available, it could of course be improved upon by the further use of 
inearised equations. This was LE VERRIER'S method, but clearly much arithmetical 
labour is involved in such an approach to the problem. It is proposed then to show 
next how these awkward features can in fact be obviated once the instant of con 


junction is known, and supposing always that the objective is simply prediction of 


the position by means of circular orbits only 


S. METHOD FOR THE DETERMINATION OF THE MEAN DISTANCE OF THE UNKNOWN- 
PLANET 


The assumption of a circular orbit. together with a knowledge of the time of con 
junction. immediately reduces the number of unknowns associated with Neptune to 
two. namely its mass m’ and its constant heliocentric distance a’, and removes 
altogether the extremely awkward feature of the appearance ot « trigonometrically, 
just explained. since once conjunction is known the time can be measured from it. 


\lso. in (9). since the eccentricity of the orbit of Uranus « 0-047. the terms 1n 71’¢ 


1] 
ire smMali 


compared with those from the part in m’ alone. Accordingly : though this is 
by no means essential to the method. we propose to calculate the perturbations as 
though Uranus itself was moving in a circular orbit. This effects a certain reduction 


+] 


he computations and is sufficient for the demonstration of the method. The terms 


in ¢ can in fact readily be included for higher accuracy. 


The whole expression for the correction to the longitude of m will then consist of 
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two parts: first there will be that depending merely on the corrections required to the 
elements of its best-fitting ellipse, which part takes the form 


Av de + t6n+ 2 sinM. d6e—2 cosM. eda. sxe ah eee 


where V/ is the mean anomaly nt-+-e —a@. This expression is unaltered in form what 
ever origin is chosen for f, so that we have always 


Av de + fon+dz sinnt+4/ cosnt. «ee CES) 


where 6% and 868 are linear combinations of the original corrections to the elements. 
Accordingly, if we agree to measure ¢ from conjunction, the whole expression for 
the discrepancies in heliocentric longitude will be given by 


OV Oe + ton + OY sinvnt Lop ecosnt- P(t) 


where now the perturbations reduce simply to 


‘gd a) m' » F, sini(n—n’ Jf. >. «et FE) 
a 
i=] 
This last expression is in fact the analytical form of the odd function w referred to 
(p. 32) earlier in obtaining the time of conjunction. 

If now a direct comparison were made between (15) and the observations, with an 
assumed value for a’ (and hence of n’ related to it by n'a 1). to give a set of 
equations of condition, the number of unknowns involved would be fir namely 
de. dn. dx. 58, and m’, which is a considerable reduction on the number involved in 
the methods of ApAMs and Le VerRiER. But it would still be necessary to trv a 
series of value of a’ in order to get the best fit. In view of this. it is convenient first 
to introduce a simple device of regrouping the equations of condition that has the 
effect of eliminating 6x and 68. 


To see how this can be done. consider the trigonometrical identities 


sin(a+)+ sin(w—#)— sina (2 cos 1) sina, 


cos(r+ p)+ cos(.r 4)— Cosa (2 cosp 1) cosa. 


If in these § is taken as 60°, the right-hand sides vanish. Now in the orbit of Uranus, 
the period 27/n is 84-013 years, and accordingly 60° is described in almost exactly 
14 years. Hence, if instead of a particular observation f(t) say, we adopt f(f+ 14) 

f{(t— 14) —f(t), the time ¢ of course being measured now in vears, then the terms in 


dx and 6 in (15) will be eliminated. This step is of course no more than a regrouping 


of the equations of condition (reducing their number), but as will appear later it also 
has a certain other important effect where orbits near the resonance n’/n — 2 are 
concerned. 
Under this regrouping, the terms d6e€+/dn come out the same. But the terms in 
P(t) have to be adjusted. If we put D = (n—n’)t, then we may write 
P(t) = m'(F, sin D+ Fo sin2D+F3 sin3D+ Fy 


sin4D-+ ... ce tS) 


wherein it turns out that for any ratio a/a’ of interest here the coefficients Ff), Fs, Fs. 
. diminish fairly quickly with increasing suffix (with the exception of that of sin2D 
near the resonance n = 2n’ where it can become very large). Accordingly, where the 


new equations of condition are concerned, the appropriate value of 8 involved in (17), 
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since now the corresponding x = (n—vn’)t for the term in sin PD, and twice this for 


sin 2), and so on. will be given by 


where n.14 60 
n’/n)60 


So. writing 1 n'/n for the ratio of mean motions. 8 (1 v)60°. Aecordingly to 


successive coefficients in (18) must be multiplied by the following 


transform P(t 
factors 


sin D. 


») 


cos} (1 
sin 2D 


? cos} (1 
2 cos}(1—v)180°! sin 3D 
so on. where 1 n' in. 


ith these conversion factors applied to the terms of 
so that in fact 


P(t), we may denote the 


iting expression by Vit 


Q(t) = P(t+14)+P(t—14)—P( (19) 
we can write the resulting series of terms formally 


Ot m'(f, sin D+ fosin 2D + fg sin 3 
rdingly the revised equations of condition replac (15) take the form 
ee 


()(t) ovu(t+ 14) 


now for given a’. and hence aja’ only three unknowns are involved. namely 
dn. and the mass m’ which occurs in ()(t). 

The procedure we shall adopt then will be to set up these equations of condition 
for a series of values of aa’ to find what value of the ratio vives the best fit of the 
equations when solved by least-squares. The first step is to transform the observations 
themselves. and the following Table gives the adjusted values. which follow im 
‘ly from Table 3 


mediate 


( omparing this with Table 3. it will be noticed that this regrouping involves the 


loss, as it were. of 14 vears at each end of the series of observations. simply because 
of the f 14 and f¢ 14 terms. 
In carrying out the task of finding the value of a’ that gives the best solution of 
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equations (21) for the adopted value of fo 1823-0, it is a further economy of 
arithmetic if we set up the equations only at 3-year intervals, so that in fact we shall 
make use only of the eleven starred entries in Table 5. This also is in keeping with the 
nature of the original observational material of Table 2 which itself refers only to 


) 


3-vear intervals. 


9. CALCULATION OI] ()(t) 


In order to arrive at (J(t), the numerical value of the coefficients F, of P(t) in (13) 
are first needed, and these have been found for a series of values of the ratio a/a’ 
appropriate to the range that will be of interest. 


Each of these has now to be adjusted by multiplying by the appropriate value of 
the factor (2 cos B—1) to get the corresponding coefficients f; in Q(t) given by (20). 
The resulting values are as follows: 


Table 7 


Coefficients in the series for Q(t 


sin 2D 


0-814 
1-290 
2°052 0-345 
3-299 0-666 


5:47] 2°39 284 


In the above values for P(t), the coefficient of sin 2D becomes large, as Table 6 to 
some extent shows, and changes sign as « = a/a’ passes through the resonance value 
0-6294 corresponding to n 2n’. But it is to be noticed that the conversion factor 
2cos8—1 vanishes at this resonance, and evaluation of the limit of (2cos 8 —1)F’s in 
fact shows that the corresponding coefficient in Q(f) runs smoothly through the 
resonance without singularity (though the form (18) does not of course apply if 
n — 2n’' accurately). Accordingly, the adjusted function Q(t) is of such a form, as 
Table 7 shows, that for other values of « than those for which the coefficients have 


actually been calculated it can be written down with sufficient accuracy by simple 


interpolation. The range we shall be concerned with is roughly from about « 0-5 to 
0 0-63, and it will be seen from Table 7 that there is a clear trend in the coefficients 
making fairly accurate interpolation easily possible. It turns out in fact that extreme 


4 
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accuracy in the coefficients is not of great account. If we think of the expression for 
Q(t) as a curve, then its general form gradually changes as x diminishes, and our 
aim is to find what ~ gives the closest fit to the (adjusted) observations. 

It is in fact also possible to include the terms of (9) with factor m’e (since the 
elements of the orbit of Uranus may be regarded as known for this purpose) either 
by directly evaluating them and including the largest terms, or by representing the 
principal terms as themselves expanded in a sine series in terms of D for the limited 
are of the orbit of Uranus. to which the observations relate. By this second method, 
they then appear as slight additions to the coefficients in the sine series for Q(t). In 
either case, the general form of the curve defined by (Q(t) is unaffected because even 
the principal terms in m’e turn out to be small and comparable only with the coeffi- 


cients of the higher terms in (Q(t). 


10. SOLUTION OF THE EQUATIONS OF CONDITION 


The equations of condition have been set up and solved for a series of values of 
a’/a to find that value at which the best fit occurs. The values actually selected were 


ala 2-0. 1-S2?25. 1-69. 1-6129. 1-595169. 1-5625. and 1:53846,. 


and it has been found that the least squares solution shows a very pronounced best 
fit at just about a’/a 1-6. (See Fig. 5 below.) 

We give here details of the equations of condition corresponding to (21) for the 
case a’la 1:-595169 which turns out to be nearest the best fit. The form of the 
function (Q(t) is found to be (in radians) 

m 
Q(t) “ (sin D+ 0-309 sin 2D + 0-129 sin 3D) 4+ 0-058 sin 4D 
ery ee) 


0-029 sin5D-+ 0-016 sin 6D). 


In this expression, the last two coefficients (underlined) have been included as 
estimates since their approximate values so readily follow from the trend of the 
earlier coefficients, and they have similarly been included in the solutions for other 
values of a’/a not given here in detail. 

To change to seconds of are, for comparison with the actual observations, the 


factor 206.265” must be introduced, and we write 
206265 rer eee 


the parameter yu replacing m’ with a view to arriving at reasonably sized coefficients 
in the equations of condition. Once yp is found, (23) will then give the mass m’ of the 
unknown planet. The equations of condition may be set out schematically in a form 
shown in Table 8: 

The figures in the 2nd, 3rd, and 4th columns are the coefficients of de, dn, and p, 
with the unit of time 1 year and its origin at conjunction 1823-0. When these are 


solved by least squares, the corresponding best values are found to be 


40-6] 
| 


0-384 
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Table & 


Equations of Condition f = ]-595169 


Obs 


60-89 


$() 2] 


the calculated values as shown in the 6th column can then be 


By means of these, 
found, and thence the difference O —C. It is then readily found from these that for 
the mean square difference ©(O—C)?/8 — 0-31. 

For different values of a’/a, correspond different coefficients of j., since n’ is changed 


and also the coefficients of the sine terms in Q(t). For the values of a’/a investigated, 


the following results were obtained: 


aia 1-595169 
LS 0-31 


m.s.d 


Fic. 5. Curve of mean square deviation (m.s.d. of Table 9) computed for a number of values of a’/a 
j 
t about a’/a = 1-6. 


The best fit is seen to occur a 


The curve of the m.s.d. plotted against a’/a is shown in Fig. 5. As a’/a decreases, these 
values show the strong minimum in }4(O—C)?, already referred to, occurring at 
just about a’/a 1-6. Since the residuals must themselves be subject to error, there 
is no point in attempting to determine the position of minimum more closely than 
the round figure a’/a 1-6 indicated by the above values. Returning with this value 
to Fig. 4, it is seen at once that the result places the unknown planet at just about 
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the same accuracy as LE VERRIER’S limit, and in fact about 1° ahead of its actual 
position at discovery. 

Adopting a’ a—1-6 as our final result, it will be sufficient for the calculation of m’ to 
use the value of u obtained for a’/a 1-595169 as given in (24). By means of (23) 


we then have 
POOBZ65 OS*d 


25.500. For the mean distance, since a 19-191 a.u.. we have a’=30-71 
] 


values, with those obtained by Apams and Le VERRIER and the actual 
ones to! Neptune, clve the following comparison (Table 10 and Fig. 6). 


Table 10 
Ne ptune 
30-07 
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11. THE MetrHops or ADAMS AND E. W. Brown 


In concluding this paper we may mention first what appears to be a surprisingly 
obvious error that occurs at the very outset of ADAMS’s method. (It is because of the 
presence of this in Apams’s work that I have preferred to discuss the method of 
Le VERRIER by way of comparison.) The error to which I refer is in my view em 
bodied in the procedure described by Apams (loc. cit., Vol. I, p. 11) as follows: 


‘It is easily seen that the series expressing the corrections of mean longitude in 
terms of the corrections applied to the elements of the orbit, is more convergent 
than that which gives the correction of the trwe longitude, and the same thing 
is true for the perturbations of the mean longitude, as compared with those of 
the true. The corrections found above were accordingly converted into corree 
tions of mean longitude by multiplying each of them by the factor r?/ab, r being 
the radius vector, and a and 6b the semi-axes of the orbit (of Uranus).”’ 


Now whereas such a relation as that claimed subsists between the true longitude 
and the mean longitude in an undisturbed elliptic path in virtue of the equation 
dy 
dt 


nab 


which may be written 
(72 ab)dyv ndt dl. 


where / denotes the mean longitude, there seems no validity in supposing that in 
perturbed motion the unexplained variation in true longitude Av and that in mean 
longitude A/ are similarly connected. No such relation seems known in celestial 
mechanics, and indeed if it existed, the conversion made by ADAMs could only mean 
multiplying both sides of an equation of condition by the same factor, viz. r?/ab 
(whose value presumably would refer to the instantaneous orbit at time ¢). But in 
fact we have in any case 


lhr-2dt, nt+e, 
so for perturbations (A) in which all the elements are changing 
Av iG 2Ah — 2hr-3Ar)dt, Al tAn + Ae, 
and hence 
Al/Av (tAn + Ae)/|(r~2Ah — 2hr-8Ar)dt. 


In the denominator of this expression, Ah depends on Aa and Ae, while Ar depends 
on Aa. Ae. Ae. and Aw. so there seems no pr ssi bility of this reducing to any form 
independent of all these increments. 

In the hope of discovering a justification of this procedure, I have referred to a 


number of dynamical astronomers but without success. Indeed. I have recently 


found that no less a person than E. W. Brown was puzzled by this step, but in the 
absence of adequately detailed explanation in ADAMs’s own account of the matter, 
E. W. Brown® contents himself with saying that “the meaning of this process is 


> E. W. Brown, “On a Criterion for the Prediction of an Unknown Planet’’, M.N. 92, 80, 1931. 
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not clear’, and expressing the possibility that “the change may have been taken 
care of in some other way’. In fact when applied to the residuals (Table 2) to be 
explained, for the most part it means multiplication by a factor very near unity, 
with the result that the general form of the curve of residuals (against time) of 
Fig. 2 is not much changed, and presumably the mean longitude residuals would 
show a similar form when properly found from those of true longitude, but the last 
three residuals are changed from — 20-80, — 42-66, —66-64 to — 22-63, — 46-70, 

73-09, and it may be that the large changes so introduced are erroneous and 
account in some way for ApAms’s final result of the predicted place being poorer 
in accuracy than that of Le Verrier. But the fact that he nevertheless succeeded 
to the extent he did illustrates the same point made in the second part of this paper, 
namely that the general form of the curve of residuals, rather than the absolutely 
precise values, is almost sufficient to determine with fair accuracy the position of the 
planet within a reasonably short time after conjunction. 

The same point is emphasized by E. W. Brown himself,6 where he outlines a 
method similar to that used here but without the initial step of determining other- 


wise the time of conjunction. The method proposed by him rests entirely on con- 
sideration of the series — m’ =F, sin iD for the principal perturbations in longitude. 
Bearing in mind that it is the general form of the curve this represents that is of 
importance. E. W. Brown proceeds on the basis that the first three terms will 


suffice for a rough prediction. However, I am doubtful of the numerical accuracy of 
the resulting work since I am unable to recover the numerical values he gives for 
many of the various coefficients, and these doubts are increased by his conclusion 
that the method gives conjunction as “‘close to 1840”. This, for Uranus, is nearly 
90° from the true position, and it would lead to a prediction for the longitude of the 
unknown planet at the time of discovery (even assuming a circular orbit at exactly 
the right distance) some 27° ahead of the actual place. Nevertheless, it would appear 
from the present investigation that the general basis of E. W. Brown’s suggested 
method is sound, though starting as it does without a definite knowledge of the time 
of conjunction, otherwise determined, its application with sufficient accuracy would 
involve considerably greater numerical labour than the method described herein. 


The Determination of Einstein’s Light-Deflection in the 
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SUMMARY 


The problem of the observational determination of the light-deflection in the gravitational field of th« 
Sun, as predicted by EINSsTEIN’s General Theory of Relativity, is outlined. All available results obtained 
at eclipse expeditions until now, as far as these have been successful, and their critical discussions aré 
briefly summarized. Each set of observations is represented diagrammatically by the particular star field, 
and the published measures are shown for each star separately. The relevant details of each attempt aré 
tabulated. An extensive bibliography covers most of the essential work on the problem 


1. HistoricaAL INTRODUCTION 

ACCORDING to classical theory, in empty space light should be propagated in a 
straight line. At the beginning of the 19th century (when there was still some dispute 
as to whether light should be considered as corpuscular or purely as a wave-motion), 
SoLDNER (1801) investigated the behaviour of a light-ray in a gravitational 
field of the classical Newtonian type, assuming the corpuscular theory. Unfortu 
nately, his formula contains the erroneous factor 2. Correcting for this, and using 
modern constants, it can be shown that light coming from a star, and just grazing 
the limb of the Sun before reaching an observer on the Earth, should be deviated 
by an angle of 0°87, 

In 1908, and again in 1911, before he had developed his General Theory of Rela- 
tivity, and probably without knowing anything of SOLDNER’s earlier work, EINSTEIN 
investigated a possible deflection of light in a gravitational field (ErNsTEry, 1908, 
1911). Starting from the conception of the equivalence of a uniform gravitational 
field and an accelerated system of reference, he arrived at the conclusion that radia- 
tion energy (light, etc.) must have inertia or mass, and that this mass must be subject 
to gravitational forces. From the principle of equivalence he derived directly a for- 
mula for the deviation of light (as it should appear to a terrestrial observer looking 
at a star, the light of which had passed through a Newtonian gravitational field 
near the Sun). He found the expression 


2kM 


= . (1) 
where the angle of deflection is « (Fig. 1); k is the constant of gravitation, W the 
mass of the Sun, 7 the distance at which the light ray passes the centre of gravity, 
and c the speed of light in vacuum. For the limb of the Sun he found the value 
x, = 0"87, This, as is to be expected, is the same value as that found by SOLDNER, 
although derived in a far more general way. 

A first, somewhat tentative attempt to prove the existence of such an effect by 
an examination of older plates, taken for other purposes, gave no conclusive results 
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(FREUNDLICH, 1913). Special observations planned by the Cordoba Observatory at 
the eclipse of 1912, probably the first expedition aiming at the determination of the 
lisht-deflection, failed because of bad weather (PERRINE, 1923). A number of further 
suggestions were made to check the expected light-deflection by special observations 
during total solar eclipses (FREUNDLICH, 1913; Curtis, 1913; FREUNDLICH, 1914). 
Even a proposal of making day-time observations for this purpose was thoroughly 
discussed (LINDEMANN, 19]16a, 1916b). Later on, also the possibility of making 
suitable observations of the major planets was considered (TRUMPLER, 1929a, 
1929b). Another attempt for observing the light-deflection in 1914 was prevented 
because of the outbreak of war; (FREUNDLICH, 1930). Shortly afterwards EINsTEIN 
(1916) published his famous General Theory of Relativity, in which he used his new 
law of gravitation, differing from NEWTON’s classical law by small terms; it never- 
theless become appreciable for the light-deflection close to the Sun. His formula 
reads 


4h 
. (2) 


a as 
"7 
and with the modern values 


6°67 . LO 8 ema loee 2 


22 
>¢ 


mass of the Sun 1-991 . 10% 


2-998 . 101° cm sec 


radius of the Sun 6°956 . 1019 em. 


we obtain for x (at the Sun’s limb) the usually quoted maximum value L ‘75. 
Another calculation of this value was given by M. v. Lave (1920). A confirmation of 
the formula (2) would obviously provide a crucial test for the whole concept of 
E1nstTErN’s General Theory. As the formula cannot be verified by any experiment in a 
terrestrial laboratory, its confirmation by adequate astronomical observations is of 
fundamental importance. 

Such work has so far been possible only during the brief and rare opportunities 


offered by total solar eclipses, because only then can we observe some stars sufficiently 


near to the Sun’s limb. 

At the 1918 eclipse a Lick Observatory expedition succeeded in obtaining photo- 
graphs showing up to 50 stars around the Sun. But since the special technique 
required for these very difficult observations and their reduction was not yet fully 
developed, no conclusive results were obtained (CAMPBELL, 1919). Since then, a 
large number of further attempts were made by different observers. Owing to the 
great technical difficulties and the scarcity of solar eclipses, only very few of these 
have been even moderately successful, and more accurate observations, especially 
within one solar radius beyond the limb, are still urgently needed. 

Actual results from observations of the light deflection in the gravitational field 
of the Sun have so far been published only for six eclipses. This is not surprising, 
for two reasons. As can be seen from what follows, these observations must be con- 
sidered still as amongst the most difficult which can be attempted at an eclipse. 
Furthermore, from 1916 when EINSTEIN first published his formula (2) up to 1958 
only 24 total solar eclipses have taken place, giving altogether a total observing 
time of not more than about 90 minutes. (The longest possible duration of a total 
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solar eclipse is about 74 minutes (Lewis, 1931) and such an occasion occurs very 
seldom.) A considerable number of these 24 eclipses could not be used, because 
either the star field surrounding the Sun was unsuitable, or the duration of the 
eclipse was too short; bad weather at the moment of the eclipse, and uncertain 
political circumstances have prevented any observations at quite a number of other 
eclipses. 

During earlier years there was much discussion and controversy as to whether the 
predicted Einstein effect may be influenced, or masked, or simulated by other physi 
cal factors in the near surroundings of the Sun; for instance, by diffraction in the 


i 


Observer 


Fic. 1. The light-deflection as seen by a terrestrial observer. The General Theory of Relativity 
predicts a shift of a star image by the angle «, away from the Sun, according to equation (2). 


If the light ray grazes the Sun’s limb, « reaches its maximum 1°74; this value is usually quoted 
as the ‘Einstein Effect’’, denoted in this paper by L 


Sun’s atmosphere, or even by effects in the Earth’s atmosphere (JONCKHEERE, 
1918: LINDEMANN, 1918; EppineTon, 1918a, 1918b, 1918c; ANDERSON, 1919, 
1920a, 1920b, 1922, 1924: Dines, RICHARDSON and ANDERSON, 1918; JEFFREYS, 
1919; Royal Astronomical Society discussion, London, 1919a, 1919b; EppIneTon 
and CROMMELIN, 1919: NEwaLu, 1919, 1920; BAUER and Peters, 1920; FERRIER, 
1922a, 1922b: Empen, 1920, 1922; v. GLEICcH, 1928; CAMPBELL-TRUMPLER, 1923a, 
1928). But it has been shown convincingly that in the light of our present knowledge 
such effects must be expected to be quite negligible. This holds also for the so-called 
Courvoisier Effect (COURVOISIER, 1920, 1932). Modern values for the refractive index 
in the solar atinosphere have been given, for instance, by PRrotsy (1949). 

Other objections have been based on possible distortion of the photographic 
emulsion (SILBERSTEIN, 1920; SLtocum, 1921; Ross, 1920; see also GoLLNOW and 
HAGEMANN, 1956), and photometric effects (BOTTLINGER, 1920a, 1920b; WOLF, 
1920). More serious are troubles possibly introduced in some circumstances by the 
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optical system (e.g. STROHMEYER, 1921). More recently also a possible deviation of 
photons in the gravitational field of the Sun has been discussed (WHEELON, 1952; 
PAPAPETROU, 1953). 

Reports and discussions on the light-deflection have been frequently published 
ever since this topic was first raised by Ernstern. While the more specialized and 
important papers will be quoted individually in their proper context below, references 
to a number of more general papers are also given here. (EDDINGTON, 1918a, 1918b, 
1918c; BorrLincGerR, 1920a, 1920b, Forsytru, 192la, 1921b; HepPERGER, 1922; 
HopMANN, 1928; TRuMPLER, 1929¢c; Koprr, 1932; StoykKo, 1932; DANJoN, 1932a, 
1932b: HERMANN, 1936: Dyson and Woo.uey. 1937; TrkHov, 1937: BucERIvs, 
1938: OVENDEN, 1952: FREUNDLICH, 1952, 1953, 1955; TRUMPLER, 1956; MatTIG, 
1956; MIKHAILOV, 1956, 1957, 1959. Some essentially historical remarks can be found 
in TRUMPLER, 1923; PERRINE, 1923; Poor, 1927; HALLUIN, 1942). 


2. GENERAL TREATMENT OF THE PROBLEM 


Before giving a report of the actual observations and the results so far available, 
we would like to outline the general conditions which should be fulfilled to ensure 
successful observations and to point out the many difficulties the observers have 


to cope W ith. 
The light deflection x, as predicted by Einstein’s formula (2), can be represented by 
a hy perbola of the kind show n in Fig. -. To decide W hether the curve is a hyperbola 


Fic. 2. This graph, a hyperbola, shows the behaviour of the predicted light-deflection, plotted as a 
function of the distance r from the centre of the Sun. The broken straight line indicates the “Scale 
Effect’ (see p. 53), produced by an alteration of 0-1 mm in the focal setting of a ‘Normal 
Astrograph”’ (f = 343 cm). 
Abscissae: distances from the centre of the Sun, expressed in units of the solar radius. 
Left-hand ordinate: light-deflections in seconds of arc, as predicted by EINSTEIN (1916). See eq. (2). 
tight-hand ordinate: the same, but expressed in millimetres on the photophraphic plate, assuming 
the focal length of the telescope to be 343 cm 
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and, if so, to determine its form satisfactorily, is possible only if sufficient obser- 
vations are available for r < 2. That is, enough stars must be available near the 
Sun’s limb at the moment of totality, and their images on the photographic plate 
must be measurable with high precision. This condition raises the primary difficulty 
that the Sun passes rather few suitable stars in its yearly movement along the 
ecliptic, and that obviously such near and favourable approaches will coincide 
very seldom with the precise moment of a total eclipse. Furthermore, the Sun’s 
corona becomes rapidly brighter when one approaches the Sun’s limb, and therefore 
reduces seriously the contrast between the star images and their background on 
the photographic plate. This obliteration by the corona is the reason why at all 
eclipses which permitted successful observations of the light-deflection, the most 
interesting stars near the Sun’s limb have been very difficult to measure, or were 
actually lost altogether. For the 1929 eclipse, which was observed through a sky of 
excellent transparency, some average values were determined of the limiting stellar 
magnitude which could be successfully observed near the Sun, as a function of their 
distance from the Sun’s limb (FREUNDLICH, v. KLUBER, and v. BRUNN,1933a; V. 


» 


KLUBER, 1932b). A graph showing this relation is reproduced here in Fig. 3, but it must 


< 


Fic. 3. This diagram indicates in a general manner the faintest stellar magnitaae m which may 

on the average, be recorded on an eclipse photograph, taken with 60 seconds exposure time under 

favourable conditions, plotted as a function of the distance r of the star from the Sun’s centre 

(1) Telescope of 20 cm aperture and focal length f = 343 cm; (2) telescope of 20 cm aperture and 

= 850 ecm. Abscissae: distances from the centre of the Sun in solar radaii. Ordinates: faintest 
stellar magnitude to be expected. (v. KiUBer, 1932b). 


be emphasized that only approximate values can be given in this way. The contrast 
between corona and star image depends, for instance, upon the colour temperature of 
the stars, upon the actual intensity of the corona at the position occupied by the star, 
and especially also upon the photographic emulsion and the processing (to which 
therefore much consideration has to be given). Taking into account that the spectral 
distribution of the corona light is identical with that of the Sun, it may perhaps be 


possible to reach somewhat fainter stars by using a suitable red filter and a red- 
sensitive emulsion. The intensity of the corona, furthermore, depends upon the cycle 


of solar activity, and quite appreciably upon the position angle with respect to the 
Sun’s axis. At r=2, differences in the surface brightness of the corona of the order of 
more than one magnitude may occur (VAN DE HuLsT, 1950). Also larger f-ratios than 
those given in our example in Fig. 3 may help in reaching fainter starts. It follows 
from what we have just said that it will probably not be possible ever to measure 
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the full maximum value of 1'75 of the deflection itself, which in other problems 
astrometry would be a fairly large and easily measurable amount. The nearest st 
so far observed were, with a single exception, at distances from the Sun's cent 
of about r > 2-0. corresponding to a deflection of the order of only 1°0 (see heli 
Table 1, column 13). The most interesting part (r < 2) for the hyperbola in Fig 
is therefore hardly covered by observations at all. 

Total solar eclipses are visible only from within a very narrow belt (100-2 
kilometres) of a length of many thousands of kilometres, which the shadow of the 
Moon draws more or less at random over the surface of the Earth. Besides the trouble 
introduced by the light of the corona, the main and principal technical difficulty for 
observing the light-deflection is therefore, that it requires the absolute measurement 


0) 


of a very small quantity during a particular short time-interval under the usually 


quite difficult conditions of a temporary field-station in some more or less remot« 
part of the world. 

The technique of reducing plates for the determination of the light deflection is 
related to that used for many years 1n the photographic method for stellar parallaxes 
and proper motions (ZURHELLEN, 1904; KOn1G, 1933). The principle is shown in a 
simple sketch in Fig. 4. The Sun with surrounding stars is indicated in (a) which 


The notations are explained on p. 53 
‘eclipse plate’ showing the Sun and surrounding stars: 
the corresponding “‘night plate” taken of the same star-field 
several months after (or before) the eclipse; 
both plates combined, as they appear in the measuring machine, for the purpose of deter 
mining relative rectangular co-ordinate differences. 
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is usually called the eclipse-plate. The positions of the stars with the high accuracy 
needed here, cannot be obtained simply from a star catalogue. Therefore, the same 
star-field has to be photographed before the eclipse, or more often after, at a time when 
this field is visible in the night sky. This is done with the same instrument, and so far 
as possible when the field has the same position in the sky as during the eclipse. 
This produces the so-called night-plate (b) and, for convenience in later measure 
ments, this is usually taken through the reverse side of the plate. For then the 
eclipse-plate and the night-plate can be adjusted emulsion to emulsion in the 
measuring-machine in such a way that very near to each star of the eclipse-plate the 
corresponding image from the night-plate will be visible (c). It is then easily possible 
to measure the relative position of each of such star-pairs in rectangular co- 
ordinates 62 and éy as indicated in Fig. 4. Their values will depend upon the 
accidental way in which the two plates are clamped together in the measuring- 
machine (involving a lateral shift and a rotation); furthermore, on the possible 
change in the scale of the instrument (mainly due to the difference in the setting of 
the focus, which may have occurred between the exposure of the eclipse-plate and 
the exposure of the night-plate), on some other plate parameters, and on the light 
deflection itself 
refraction, for differential aberration, for proper motion and parallax; but these can 


. Minor corrections may be necessary for differential atmospheric 
generally be applied in the usual way without much difficulty. If sufficient stars 
are available (at least 6), the various required parameters can be determined 
by a straightforward analytical method, and, finally, the Einstein effect Z can 
be derived. 

It will be seen from what follows that the main trouble in the reduction arises 
from the quite unavoidable fact that for instrumental reasons there will generally be 
a more or less conspicuous difference in the scale-value between the eclipse-plate 
and the night-plate. This can be easily visualized from our Fig. 2. Supposing the Sun 
is near the centre of the plate of a Normal Astrograph of focal length f = 343 em; 
then the Einstein effect (full line) will shift the star’s image at the Sun’s limb by 
about 1°75, or by about 0-031 mm on the plate. At r = 8 solar radii from the centre 
of the Sun, the Einstein effect will have dropped to only 0°27 or about 0-005 mm. 
But if the effective focal length of the instrument or its focal setting (i.e. the distance 
between the principal plane of the objective and the surface of the photographic 


plate) has changed between the eclipse and the night exposure (which are necessarily 


separated by a period of at least 4 months) by only 1/10 mm, it would cause a scale 


correction which is indicated in our sketch by the broken line, i.e. a deviation in 
creasing linearly with distance from the plate’s centre. At about r= 8 this 
scale-correction is already of the same order as the Einstein effect at the same 
distance. Whilst the Einstein effect is decreasing hyperbolically with distance 
from the Sun, the scale-correction is increasing linearly (Fig. 2). It is obvious that 
the determination of the Einstein effect will be more and more difficult with increas- 
ing distance of the available stars from the Sun, not only because it becomes much 
smaller, but mainly because the unavoidable scale error becomes more and more 
effective. 

In this just outlined relative measurement of an eclipse-plate against the night- 
plate in rectangular co-ordinates each star 7 at a distance 7; from the Sun’s centre will 
contribute one value 6x; and one value dyi (Fig. 4). The analytical procedure to 
extract from these measurements the desired Einstein effect, and to separate it from 
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the other instrumental parameters, proceeds usually by forming for each star two 


equations of the form 


a | 


OV; Ae 4 Bry | Cv ;? + Dy tiyi 4 SX; + PP 


| J ry? 


where we should have 


b, 
H Hy, 


To most of the coefficients a geometric significance can be given as follows: 


arbitrary relative translatorial shift and 
arbitrary relative rotational shift 
of the two plates during the measurements 
(' and D = inclination of the plate against the optical axis 
S = Scale-value 
L = light-deflection 


E and F scale-value. inclination. optical distortion 


G = scale-value and inclination 
H and J bending of plate 


In most cases only the first six parameters of these equations have been used and 
these have often been found sufficient for solving the problem. For n stars we have 
2n equations of this kind, and these are solved in the usual way by the method of 
least squares. The number of stars must obviously be at least equal to the number of 
unknown parameters used in the equations, i.e. usually at least six. 

As we have already seen from purely geometric considerations there is a very 
unpleasant connection between the scale-value S and the Einstein effect L. This 
can be demonstrated, of course, even better by a detailed analytical investigation as 
it was carried out by several authors (e.g. FREUNDLICH and v. BRUNN, 1933; FREUND- 
LICH and GLEISSBERG, 1935; FREUNDLICH and LEDERMANN, 1944). Let us assume 
that we require a standard deviation co, for L of the order of + 0°71; the weight W, 
for L will then be 1/o, = 100. From measurements of k plates the standard deviation 


og of 62; and dy; becomes 


or the weight 
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and therefore the corresponding relative weight 


Wr. y 
Wyo k 


From the theory of least squares for the solution of normal equations including 
the parameters LJ and S, and for a fairly symmetrical star distribution of n stars, 


we get 


with 


and 


where 7; is the distance of the star 7 from the Sun’s centre. The expression in the 
round bracket will always be a small quantity. If however the scale-value of S is 
not included in the equations, but is known independently by some suitably arranged 


observations, we would get the much more favourable expression 


Wr on 
Wo h 


The sensitive dependence of L on the scale-value S, and therefore the accuracy 
required for the determination of the scale value (or of the equivalent focal-lengths f), 
can be seen from the following expression, which can be derived in an elementary 


manner from the normal equations 
éL —hdS — £268 


r being the mean distance of the stars from the centre of the Sun. If we want dL to 
be of the order of 0"1, i.e. 10-4 of the solar radius, and accept r 5, we get 


which means that the scale (in other words the effective focal-length) must be known 
to better than + 10-5 (FREUNDLICH and v. BRUNN, 1933). This is a very strict 
experimental requirement in view of the conditions under which eclipse observations 
are made, for it means that the change of the focal setting for a Normal Astrograph 
(of f = 343cem) between the exposure of the eclipse-plate and the night-plate 
should be known to less than + 0-03 mm. Hence one of the main tasks of the observer 
is to determine the scale-value of his plates as accurately as possible. This, of course, 
has been realized right from the beginning and special observational techniques 
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have been developed to achieve this end. If no special arrangements for the deter 
mination of the scale-value are made, then the equations (3) and (4), containing 
the parameter S as one of the unknowns, must be applied straight away. As we 
have seen, the weight of the resulting L may be appreciably lowered by the coupling 
of S and L in the equations. To meet this difficulty, as early as 1919 observers had 
arianged to obtain photographs of an independent field of stars (the ‘“‘check-field”) 
at a sufficient distance from the Sun. with the same instrument. either during the 
eclipse itself or in the night before or after the eclipse: this procedure should prov ide 
some kind of check of the scale-value. A specially promising method was tried 
several times: during the eclipse itself the telescope was pointed first to the Sun, 
and then to a check-field so far away that the Einstein effect could be considered as 
negligible. The plates then carried two star fields superimposed upon each other, 
the intention being that the instrumental parameters of the equations and especially 
the scale-value would be obtained from the check-field, quite independent of the 
Einstein effect. A disadvantage of this procedure is that the movement of the 
telescope. even through a fairly small angle, may itself cause a small alteration of 
the focal setting which. as we remember. ought to be kept constant to about + 0-01 
R and v. BruNN. 1933). Probably it would 


‘ 


mm (FREUNDLICH. Vv. KLUBE 
be worthwhile to try the same procedure with a horizontal camera, merely swinging 
the coelostat mirror through a small angle during the eclipse (FREUNDLICH, v. 
KiLUBER. and v. BRuNN, 193la). 

In another method a plane-parallel plate (or a semi-transparent mirror, or even a 
real quartz-mirror which is smaller than the objective), tilted with respect to the 
optical axis of the telescope, has been used in front of the main objective (MIKHAILOV, 
1949: vAN BresBroeck, 1949: Popov and Fsoporoy,. 1954). The star-field sur 
rounding the Sun is photographed through this plate, while at the same time a check- 
field at some distance from the Sun is reflected by the plate onto the same photo 
graphic plate. Again two star fields superimposed upon each other are obtained, in 
this case with strictly simultaneous exposures. This very attractive method has been 


criticized because the two star-fields are not imaged by strictly the same optical 


arrangement, the one being transmitted and the other one reflected by the semi 


transparent plate. Any small distortion of this plate may affect the reflected beam, 
and thus the scale-value which is supplied by the check-field more than the trans 
mitted beam (FREUNDLICH, 1950). In principle, therefore, the scale-value taken from 
the check-field might again be not quite reliable. But if the dimensions of the 
reflecting mirror are kept small enough, so that each point of the check-field is 
imaged over the same whole mirror-surface, then the mirror will obviously not 
alter the scale-value of the check-field with respect to the eclipse-field by a signi 
ficant amount: this method seems, therefore, to be rather promising. Its main 
disadvantage is that at the best it necessarily causes a loss of about half the light 
in each field. 

Another very elaborate observing-method was developed and used at several 
eclipses by the Potsdam observers (FREUNDLICH, 1930; FREUNDLICH, Vv. KLUBER 
and v. Bruny, 193la, 1931b; v. KLUBER, 1926, 1929a, 1929b, 1931: Marric, 1956). 
They worked with a large horizontal double-camera, and the scale-value was again 
determined by an independent star-field during the eclipse itself. Furthermore, with 
the help of a large collimator, photographic reseaux were printed photographically 


on all plates to determine scale changes between the plates 
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The scale value depends essentially on the distance between the objective and the 
emulsion of the photographic plate: SCHURER’s (1954) attempt to control this distance 
by three invar wires was frustrated by poor weather. 

Before considering in more detail the few expeditions so far successful in obtaining 
values for the Einstein effect, we should just mention briefly some other important 
technical requirements. The extremely high accuracy needed in controlling the 
effective focal setting obviously necessitates also very high accuracy in the definition 
of the position of the photographic plate, that is, of the plate holder on the telescope 
itself (KONIG and v. KLUBER, 1941). Such techniques are known from parallax 
work. 

Besides an independent determination of the scale value, as just explained, first-class 
guiding is absolutely essential; many observations in the past have failed in this 
respect. The scale-value of a Normal Astrograph (f = 343 cm) is 1” = 0-017 mm, 
and star positions on the plates should be measured to about + 0-002 mm, an accu 
racy not attainable unless the star images are symmetrical and of the best quality. 
Experience has shown that to guide rather large telescopes or coelostats under field 
conditions at an eclipse needs a great deal of consideration and special precautions 
(v. KLUBER, 1932a). 

Furthermore, high quality lenses and, if coelostats are used, quartz mirrors, 
are essential, despite the fact that usually a strictly differential method of reduction 
will be applied. 

From general considerations a star-field with as symmetrical a distribution around 
the Sun as possible is desirable. As this depends entirely upon the accidental cit 
cumstances of the eclipse, this condition unfortunately is often not sufficiently 
fulfilled and then, if reductions are not carried out very carefully, systematic errors 
may result. 

Because of their importance and the general interest of the results, nearly every 
published determination of the light deflection has led to a considerable amount of 
discussion. It is rather confusing to find that, in addition to the results published by 
the authors themselves, later discussions by others have often produced rather 
different figures from the same observational material. The chief reason for this is 
found in the fact already mentioned, that the final value for the light-deflection ZL 
is always quoted as extrapolated to the limb of the Sun, while the actual observa 
tions so far cover only ranges beyond ry > 2, where the effect because of its hyper 
bolic decrease is very much smaller. A very small alteration in the much disputed 
scale-value or in the grouping or weighting of the stars, etc., can easily cause a rather 
large alteration of the result when extrapolated right up to the Sun's limb 

In Table 1 (column 16) we quote the numerical results in the same way as they 
were given by the authors themselves. Corrections proposed later by various critics 
will be mentioned below. There are, furthermore, two papers giving a more general 


discussion of the available measurements, one by DANJON (1932b, 1932c), and another 


by MrkHAILOV (1956, 1959). As these are both very interesting in demonstrating 


the nature of the relation between the observations and the final result, they are 
quoted below as well. In order to find possible corrections of the light-deflection 
and of the scale-value, after having eliminated the other parameters by a first 
approximation, DANJON proceeded in the following way: We denote by r; the 
distance of the star from the centre of the Sun in units of the solar radius; by Ar; 
the radial shift found for this star in the first approximation; by L the value of 
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the light-deflection as predicted by EINSTEIN at the limb of the Sun; by ka possible 
correction factor to L; and by S a possible correction to the scale-value, as found in 
the first approximation. We then have: 


Inserting 


this can be written as the equation of a straight line (as shown as example in Fig. 5 


the 
ale-correction ANJON, 
expedition of 1919, giving 


the scale 


Its slope gives i, the correction to the light-deflection ; and its intercept on the ordi- 


nate axis gives the correction to the scale-value. Both corrections can thus be visua- 
lized conveniently. This procedure again has been questioned because of the distri- 


bution of weights between the two unknowns (MIKHAILOV, 1956). 
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ov (1956). on the other hand. has taken most of the observations so 


ipplied a final least-squares solution, using the equation of 


L; 
Ar; 


correcting values for L and for the scale parameter S. His results 
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3. SURVEY OF THE ECLIPSE 


ese more general considerations we give next a short account of the few 
. far successful in obtaining values for the Einstein effect. (See also 


‘presents all star-fields which have so far contributed to the determination 


t-detlection. up to a distance of about Sr: they contain only those stars 


the reductions. The same figure 


f these determinations the radial shift for each star (expressed in 
plotted against its distance from the Sun’s centre in 


really been measured and used for 


each @) 
irc, as ordinates) 


e SOlal radius i.e. 15 minutes of are as absciss 1c : only the values given 


authors themselves have been used. Different weights. as sometimes adopted 


ire not indicated. EINSTEIN’s predicted deflection is shown in each 


1922 Lick 
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1952 Yerkes 
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case by the dashed curves. These sketches emphasize the fact that the most important 
part of the hyperbola is scarcely covered by stars at all. In fact, most observations 
could be represented simply by straight lines (MrkHAILoy, 1956), and it is quite 
obvious that the actual deflection-law cannot be determined by the observations 
available at present. It is also necessary to keep in mind that in nearly every case 
represented in this figure, some small correction or other has been proposed by the 
authors or by various critics for reasons briefly mentioned above, mostly because of a 
correction in the scale-value, or because of different weighting or grouping of the 
stars or of the plates. In the following paragraphs the bold numbers are identical 


with those given in the first column of Table 1 and in the diagrams. (Fig. 6, ete.). 


1). (2) The first success in measuring the Einstein effect (EDDINGTON, 1919; Report 
oint Eclipse-Meeting, 1919: CROMMELIN, 1919a, 1919b: Davipson and CROMMELIN, 
1919; FREUNDLICH, 1920) was obtained by two British teams observing on 1919 


May 29 from Sobral (Brazil) and from the Isle de Principe (Gulf of Guinea), respec 


tively; (Dyson, Eppineron., Davipson, 1920). A large number of plates were 


obtained with an astrograph and with horizontal telescopes fed by coelostats, 


but only a few of them were found suitable for reduction. No independent determi 


nation of the scale-value had been carried out, but for the observations on Principe 
photographs of a check-field were obtained. The result for the Sobral station, con 
sidered as the more accurate. is L 198+ 0°16 m.e., and that for Principe is L 

161+ 0°40. The star-field for this eclipse is reproduced in Fig. 6, together with a 
graph giving the results for the individual stars. Fig. 7 shows the two horizontal 
telescopes used at Sobral (/ 570 and 343 cm) with their coelostats. Some discussion 
arose later from the fact that corrections for aberration and refraction had been 


incorporated in the least squares solution in such a way as actually to lower the 
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resulting weight, while all such corrections would better have been taken into 
account independently. 

Objections were also raised because there were still some small tangential com- 
ponents left in the vectors for the radial shifts of the stars (RUSSELL, 1920), and 
because of suspected disturbances from refraction (BAUER, PeTERS, 1920; ANDERSON, 
1919-1924; Dines, RicHARDSON and ANDERSON, 1918; JEFFREYS, 1919; Royal 
Astronomical Society discussion, London, 1919a, 1919b; NEWALL, 1919; EDDINGTON 
and CROMMELIN, 1919), or because optical disturbances (STROHMEYER, 1921), or 
photographic ones (SLocuM, 1921) were suspected. Dyson and Woo .Ley (1937) 
re-discussed these findings later, taking into account second-order terms in refrac- 
tion and aberration, but no substantial alterations resulted. A re-discussion of the 
Sobral-values by HOPMANN (1923b), on the other hand, gave L 2° 16. 

Further re-discussions of the Sobral data by DANJON (1932) gave L 2"06, while 
MIKHAILOV (1956) obtained L 1°95 + 0-088 (or, with a seale-correction, L 2°07 


+ 0-085). DANJON’s result is represented in Fig. 5. 


(3) While on 1922 September 21 the weather was very unfavourable for expedi- 
tions working from Christmas Island (Indonesia), (FREUNDLICH, 1923a, HOPMANN, 
1923a), a success was achieved at this eclipse by a combined team of Australian 
and British astronomers. The observations were made from Condillo Downs, Austra 
lia (DODWELL and Davipson, 1924). This time a high-quality four-lens astrograph 
of the rather short focal length of 160 em was used. A check-field was photographed 
during the eclipse and plate-parameters were taken from this check-field for the 
reduction of the star-field surrounding the Sun. The reduction of two plates gave 
L 2°36 and L 1“18, from which the observers deduced the mean value L 1°77 
+ O'4. The star field is very similar to that given in Fig. 6 for the Victoria team 


(No. 4). but the authors give no final values for the radial-shift of individual stars 


(4) At the same 1922 eclipse a Canadian team from the Dominion Astrophysical 
Observatory at Victoria also observed the light-deflection from Wallal in Australia 
(CHANT. 1923: Youna. 1923: CHANT and Younga. 1924). Two plates were obtained 
with a quadruple astrograph: reductions were made by using the linear expression 
of the equations only, and there was no independent determination of the plate 


parameters. The results were found to depend rather critically on the selection of 


stars used for the reduction. The authors gave the solution L 1°75 from all stars: 
but excluding various somewhat doubtful star-images, the resulting vanes for L 
became 1°42 or 2°16, with mean errors of about + 0°40. 

(5). (6) The same eclipse favoured by the fine weather at Wallal, Australia, as well 
as by a very good star-field, was also successfully observed by a Lick expedition at 
Wallal (CAMPBELL and TRUMPLER, 1923a, 1923b; CAMPBELL, 1923; FREUNDLICH, 
1923b). These observations produced one of the best determinations of the light 
deflection so far. Two instruments were used, a special double camera of / 150 em 
(Lick I), shown in Fig. 8; and a wide-angle quadruple-astrograph of f 150 em, 
(Lick II), (CAMPBELL and TRUMPLER, 1928). Each of the four plates of Lick I 
carried, superimposed on the eclipse-field, a check-field taken with the same instru 
ment on the nights before and after the eclipse. Furthermore, other check-plates 
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from the same star-field were secured some months later. In the reductions the second 
is a first step, the linear plate 

2° (without taking 


order terms were taken from the check-field and then. : 
meters were determined from a large number of stars at ? 
which at such distances was considered negligible 

le-value 


il 

Kinstein effect 

yximation). A last solution, and a small correction for the sea 
sa mean for the four plates ry 


appeared indicated in the check field 
mainly for the stars more 


0°15. Some small. remaining 
if a correction were 


LOS 


t would lead to small differences only 
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distant from the Sun: 
I 2? 


observers 


but the value for Z at the Sun’s limb would then go up to 
vy the Potsdam 


05. The results given by the authors were later disputed | 
i L931b, 1932b: TRUMPLER, 


FREUNDLICH, V. KLUBER and v. BruNN, 1931la 
1932a. 1932b. 1932c). who. after some alterations in the method of reduction. derived 


d= 


same observations a value of L 
DANJON Ss methods 


a small correction to the sca 
a figure very nearly identical 


to the observations of Lick |] gave 


Irom the 
value, L 2705). Mik 


The ipplication ot 32C 
a \ e ‘B 2-O0O (or. with le 
HAILOV s (1956) re-discussion gave L 183+ 0°20 


04 
with the one given by the authors themselves. Here again it is very significant 
that ‘a straight line would also fit the observations quite well, demonstrating that 


even this comparatively good material, with a good star-field and the largest number 


of stars used so far, is not sufficient to decide purely empirically the form of the 


deflection-law. 

A report on the results of Lick I deals also with possible trouble from the Cour 
VOISIER effect (HOPMANN, 1923b: TRUMPLER, 1924), whilst criticisms were raised 
because of too large a scatter of the individual values for the different stars (ESCLAN 
GON, 1924a, 1924b, 1924e), or because there were still small tangential vectors left 
in the resulting radial shifts (PORTER, 1929: Poor, 1930; Comas Sona. 1928: 
TRUMPLER, 1929¢.) Even a quite different explanation of the deflection was pro 
posed (GLEICH, 1931). 

The short-focus instrument of Lick II] (CAMPBELL and TRUMPLER, 1928: TRUMP 
LER, 1928), covering a field of 15° x 15°, gave plates which showed up to more than 
500 stars with a limiting magnitude of about 10™5; check-fields were taken in a 
similar manner as for Lick I. In the fairly elaborate reduction all third-order terms 
were included. and the scale values were first determined from the outer stars of 
the field. A second solution eventually gave a final and small scale-correction, and the 
Einstein effect became L 1°82 + 0°20. A later reduction by the Potsdam ob 
servers deduced a larger value, 2°07, from the same material 

The Lick II observations, too, have also been re-discussed: DANJON (1932e 
used the more important stars only and was able to show how the presence and the 
weight given to a single star can influence the whole result. His value is 1 = 2°07 
for the Lick II observations. 

The radial shifts from the 15 best stars from both the Lick I and Lick II obser 
vations, are shown in Fig. 9 which gives a good idea as to how well on the whole 


the measured shifts agree with the expected light-deflection. 


(7). (8) A further successful determination of the Einstein effect was made at the 
eclipse of 1929 May 9 in Takengon (Sumatra), after most careful preparation with 
elaborate instrumental equipment, by an expedition of the Astrophysical Obser 
vatory of Potsdam (FREUNDLICH, V. KLUBER and Vv. BRUNN, 1931la, 1931b; FREUND 
LICH, 1930; v. KLUBER, 1929a, 1929b, 1931; WarTTeENBERG, 1932). The large instru 
ment of Potsdam I was a double horizontal camera of f[ 850 em. so far the longest 
focal length used for this problem (Fig. 10). It was fed by a coelostat with a special 
drive of high precision, constructed by Zeiss in Jena (v. KLUBER, 1932a), giving 
first-class automatic guiding, electromagnetically controlled by a chronometer. 
During the eclipse one of the cameras took exposures of the eclipse field, whilst the 
other one simultaneously photographed a suitable check-field, both using the same 
coelostat. Immediately before and again after the eclipse a scale reseau from a large 
thermally insulated collimator was photographed on all plates, using the coelostat 
again at the same reflection angles as during the eclipse. The same procedure was 
repeated about six months later with the same star field, then in the night sky. 
The reduction procedure demanded a very large amount of measurement and cal- 
culation, and was designed to give an independent absolute determination of the 
scale-value. For the collimator and the reseau the latter could be determined from 
the check-field and from this the scale-value of the eclipse-field could be found 
independently. That this whole cycle of observations could work very satisfactorily 
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was demonstrated by a separate investigation, in which a star-field at night was 
treated by the same method as that employed at the eclipse itself (v. BRUNN and v. 
KLUBER, 1937). 

Favoured by very good weather, this instrument yielded four good plates; the 
outcome of the whole elaborate reduction was L 2"24+ 0710, showing a remark- 


ably low m.e. The mean error of one plate was found to be + 0°30. The star field at 


this eclipse and the radial shifts given by the different stars are shown in Fig. 6, 


while Fig. 11 represents the radial shift of all measured stars from the mean of all 
four plates. 


Fic. 1l. Vector diagram indicating the observed light deflection for each star of the Potsdam |] 


observations; mean of all four plates. The radial shift as expected by Einstein’s theory is very 
clearly indicated (FREUNDLICH, Vv. KLUBER, V. BRUNN, 1931la) 


This paper again caused some controversy, partly because of the unfortunate 
asymmetry of the star field (LUDENDORFF, 1932; FREUNDLICH, V. KLUBER and Vv. 
3RUNN, 1932b), and partly because small systematic residual errors were suspected 
for various reasons (TRUMPLER, 1932a, 1932b; FREUNDLICH, Vv. KLUBER and v. 
BRUNN, 1932a, 1932b). LUDENDORFF deduced from the same material a value of 
L 1"90+ 0°15, while TRUMPLER found that ZL 1°75+ 0°19 satisfied the obser- 
vations with good internal consistency. Another discussion by JACKSON (1931) 
produced the value L = 1798+ 0°20. Danson (1932c) found from his graphical 
method that he could represent the measures very well with L 206. while 
MikuHaILov (1956), assuming a slight correction of the scale-value, gave L 
1796+ 0711. 

Two further attempts, with the same instrument, at the eclipses of 1954 and 
1955 failed because of bad weather (v. KLUBER, 1955, 1956; Marria, 1956; 
NICHOLSON, 1956). 
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At the above mentioned eclipse of 1929 the Potsdam team used, in addition, a 
specially constructed strong astrograph. parallactically 


mounted, with a Zeiss 
triplet lens (f 343 em 


20 cm) of high quality (Potsdam II); see Fig. 12 


(FREUNDLICH. Vv. KLUBER and v. BRuNN. 1933). After 


each exposure of the star 
field surrounding the Sun. the instrument 


was pointed during the eclipse itself 
onto a field at some distance from the Sun, so that each of the three plates obtained 


carried two star-fields superimposed on each other. Each of the plates, covering a 


field of 7-5=7-5. contained about 100 stars surrounding the Sun. This method 
seemed ideal for the determination of the plate parameters and. especially, of the 
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scale-value. But even when all third-order terms were included in the reduction 
and in spite of the fact that the star images were excellent, the resulting vectors for 
the different stars scattered widely. This unsatisfactory result was probably due 
toa very small relative mechanical deformation of the instrument, caused by moving 
the whole telescope during the eclipse from the one star-field to the other. Recalling 
what has been said above, namely, that the effective focal setting must be kept 
constant for both exposures to within a few hundredths of a millimeter, this failure 
is perhaps not surprising. The experiment with this instrument certainly demon 
strates that this apparently promising method is in practice of rather doubtful 
value. 

The extensive discussion of the Potsdam investigations by the observers them 
selves and by other authors has brought out very clearly, in an actual practical 
case, how critically the results depend upon the scale-value, how very important it 
is to obtain in some way or other an independent value for the scale-correction, and 
also how small the mechanical and optical tolerances of the instrument must be in 


order to secure good results (FREUNDLICH and v. BRUNN. 1933: KONIG. 1957 
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(9) At the eclipse of 1936 June 19, a Russian expedition from the Sternberg 
Observatory (MIKHAILOV, 1940a, 1940b, 1942, 1949) to Aubishev (Siberia), succeeded 
in obtaining further observations of the Einstein effect; (Fig. 13). This work in 
cluded the first attempt to photograph the check-field and the eclipse-field simul 
taneously, by using a plane parallel plate in front of the objective of the telescope, 
as outlined above. Unfortunately, in taking the night photographs the check-field 
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was missed, so that the reductions had to be carried out in the usual straightforward 
manner by determining all the plate parameters from the eclipse field itself, using 
all second-order terms. Four different reductions of the two best plates gave L = 2°7: 
which is quite appreciably more than to be expected from EINSTEIN’s 
ry. A later reduction (MrikKHAILOV, 1956) gave L 2°70 + 0740, Another similar 
attempt by the Poltawa Observatory, in 1954, using a quartz mirror instead of 
the plane-parallel plate. failed because of bad weather (Popov and Fyoporovy, 
1954 


At the same eclipse of 1936 the Japanese Imperial University at Sendai 

observations (SoTOME and HosuHipa, 1936; Marukuma, 1940a, 1940b) at 
Kosimizu (Japan). A double-camera of f 500 em combined with a coelostat was 
used. Only one plate was obtained, and this showed not more than eight measurable 
stars. In the process of reduction this plate was combined with two different com 
parison night-plates; no special attempt was made to determine the scale-value 
separately: the measurements were reduced in the usual manner, including second 
order terms, as well as a term for the scale-value. and another one for the light 
deflection. The two plate-combinations gave L 9713+ 1715 and L 1728 + 2°67, 
respectively, indicating excessively large mean errors. The diagram in Fig. 6 repre 


sents the mean of the two plates. 


11) Another attempt to use a plane-parallel plate in front of the objective of a long 
focus astrograph (f 609 em), Fig. 14, was made by vAN BIESBROECK at the 
eclipse of 1947 May 20 from a station near Bocajuva (Brazil) (vAN BIESBROECK, 
1949). A half-silvered plate was used, giving an equal loss of intensity in both 
the eclipse- and the check-field of about one magnitude. Only one photograph was ob 
tained, on which the star images of the check-field appeared far worse than the images 
of the simultaneously expesed eclipse-field. In the opinion of the observer, this was 
probably caused by temperature distortion of the plane-parallel plate, and if so, this 
would be an interesting illustration of the objection mentioned above that the optical 
paths from the eclipse-field and the check-field are different. This leads to some 
doubt as to whether a scale-value determined from the check-field can safely be 
used for the reduction of the eclipse-field (FREUNDLICH, 1950; VAN BIESBROECK, 1950). 
In this case the check-field was not used. A simple graphical reduction like the one 


1 


suggested by DanJon (1932c) was used by the author and gave L 9701+ 0: 


mt. 


MIKHAILOV (1956) raised some objections to this simplified reduction, and in a re 
reduction he found L 


12) At the eclipse of 1952 February 25, observing at Ahartoum (Sudan), VAN 
BIESBROECK successfully obtained two more plates employing the same method as 
1947, with special precautions to protect the plane-parallel plate from any kind of 
optical distortion. In a short paper (VAN BIESBROECK, 1953) the author derives from 
these two plates the value L 170+ 0°10; the mean error is remarkably low 
Unfortunately all stars, except one at r = 2-1, are at a distance from the Sun > 4:3, 
so that the most vital part of the expected hyperbola is not covered by stars at all. 
The figures given in this publication have also been re-reduced by MIKHAILOY 
(1956), who then obtained L 1743 + 0°16. 
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4. CONCLUSIONS 


Summing up the results of the foregoing investigations, which comprise all 


observations available so far (1959), the following points can be made 


(a) Without exception, all observations indicate clearly that a light-deflection 
effect of the kind expected quite obviously exists in the neighbourhood of the Sun. 
But the observations are not sufficient to show decisively whether the deflection 
really follows the hyperbolic law predicted by the General Theory of Relativity, 


mainly because so far it has not been possible to obtain a satisfactory number of 


6 


ages sufficiently near to the Sun. As things are at present, most observations 


be represented quite well even by straight lines (MIKHAILOV. 1956). 


b) If the existing observations are extrapolated to the limb of the Sun, according 
o the supposed hyperbolic law, then there is an indication that the resulting constant 
L appears to be somewhat larger than the value expected by the General Theory of 
‘elativity. Whether this behaviour is real, or only introduced by some systematic 
ybservational error, cannot at present be decided with certainty ; (PAPAPETROI 
953). WHEELON (195 


2) recently pointed out that if one were to assume photons 
ith a non-vanishing rest-mass, then the effect of the non-zero mass would increase 
ott deflection in accordance with the values for the rest-mass and the light 


y jut if larger effects were produced in this way, there should also exist 


iboratory phenomena which are not known to occu! 


rhe fairly large discrepancies between the results of various authors, even when 
the same observational material, is not so surprising if one recalls that the 
ilue for L is in fact an extrapolation which is very sensitive to small alterations in 
position of the actually observed points, if these lie rather far out on the sup 
hyperbola. Furthermore, the quantity sought is unfortunately strongly 
the scale-value itself. which is very difficult to determine. A good im 
uillable results may be obtained from the set of graphs in Fig. 6 

| 
ine the relativistic light-deflection as accurately as possible is without 
1 most important experiment because of its relation to fundamental 
quences of the Theory of Relativity. As observations of this kind are so difficult 


carried out only at total solar eclipses, progress in future will probably 


rw. From the experience gained so far. the following points seem to he 


further investigations 


| First of all every pr ssible effort should be made to obtain somehow or other an 
independent determination of the scale-value. This is probably an absolutely 
essential condition for achieving any real progress. If any other plate-parameter 
ld be determined independently as well, it would certainly increase the weight 


of the result considerably 


usual minimum number of stars needed in the eclipse field is six, but 

ictually as Many stars as possible are required : and if no stars are available for 
r <- 2. the actual law of deflection (supposed to be hyperbolic can probably not be 
determined by the observations alone. Furthermore, a symmetrical distribution of 
the stars around the Sun is most desirable. As the limit for measurable star images will 
be probably round about the tenth photographic magnitude, all these conditions 
place a rather severe restriction on the star fields suitable for further observations. 
Certainly not every future total eclipse will fulfil these conditions. Possibly more 
Star Images could be obtained through the corona. by working in the red part of the 


spectrum only and or by making use of the radial polarization of the corona light. 


(III) First-class guiding is another essential condition, and we must emphasize 
most strongly how difficult this is to obtain at the temporary field-station of an eclipse 
€X] edition. Many observers in the past have underestimated this difficulty. The focal 
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length of the instrument should be larger than 300 cm, if possible at least 600 em; 


a suitable aperture ratio would be about | : 40. A larger value may cause some loss 


of star images because of the larger apparent surface brightness of the corona. The 
whole instrument must be constructed so rigidly that under working conditions the 
scale-value can be maintained to something of the order of 10~-®. This in itself is a 


very severe condition. 


(IV) High-quality optics are desirable, but it must be kept in mind that optics 
which are too complicated may, under field conditions, possibly not fulfil some of 
the requirements just mentioned. Mirrors, of course, should be made of fused 


quartz. 


(V) It is in principle desirable to obtain several plates at an eclipse, since this 


increases the weight of the results appreciably 


Finally, we should like to state quite clearly that further observations of the 
light-deflection are only justified, if real progress is to be expected as a result of 
fulfilling as nearly as possible the stringent conditions summarized above. Even so, 
such observations remain among the most difficult of all those which can be attempted 


at a total solar eclipse. 
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Ix the early vears of this century there were many scientists who rejected EINSTEIN’s 
theory of relativity as being contrary to all reason. At the present time there are a 
few (there may be many, but only a few have expressed the view in print) who 
insist that one of the predictions in EINSTEIN’s first paper on the subject must be 
erroneous, for if correct the result would be contrary to the principle of relativity! 
Phe discussion of this particular point has recently been revived in the form of the 
question whether a space traveller from the Earth. whose velocity relative to the 
Earth over a considerable part of his journey Was comparable with the velocity ot 
would find on his return that the duration of the journey was less by his clock 

by an identical clock which had remained on the Earth. or in other words that 
traveller. had aged less than his st L\ at-home twin. The discussion has 


vused a great deal of popular interest—but then. it is not often that pure physics 
uuches so directly on Guestions of human mortality 


The problem is discussed in this article in non-mathematical and from 


t } 


ie point of view of an experimentalist 


EINSTEIN'S PAPER OF 1905 


he equations of the special LORENTZ transtormation were derived by EINSTEIN 


is Tamous paper They are 
y Y. 2 > and ft 


| — v“/c*) They relate the co-ordinates (2, y, z) and time f of an event 
neasured ina frame of reference A to the co-ordinates (2’, y’, z’) and time t’ of the 


event measured in a frame AK’ which relative to A has a uniform velocity v 


he positive direction of x. (Fig. 1.) In the limit 7 e with which we ordinarily 


i€al 


vt. Ti 
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the common-sense result of pre-relativity kinematics, which in particular asserts 
that time is absolute and independent of the frame of reference. Relativity physics 
abandons the idea of absolute time completely 

To illustrate this last point, let us suppose that we have three clocks A, B and ¢ 
of identical construction which remain in perfect synchronism when all are togethe1 
Suppose now that A and B are widely separated and at rest in the frame A, with 
A at the origin and B at distance Y along the x-axis. Since they are widely separated 
A and B must be synchronized by an exchange of light signals, in accordance wit] 
KINSTEIN's specification, which is that if a signal is sent out from A at time ft; and 
received back at time fy after reflection from B, then for synchronization to be 
achieved, B must read }(t;-+-fe) at the instant of reflection of the light. The third 


clock C is supposed to remain throughout at the origin of the frame A’, it coincides 


with A just as A reads f 0 and C is synchronized with A by reading ¢ 0 at this 
coincidence. After a time 7 X/v, (measured in A) clock B will read f T and ¢ 


will be passing B. At this coincidence C will record. not ¢ T but? 5 (TT — ox fe 
or ft T/8 since X vT. On meeting, therefore, C is behind B by an amount 
PCY V6) IT v2 /c2, This is the result which is often stated rather loosely as ‘a 
moving clock runs slow’. We shall subsequently refer to the above thought-experi 
ment as Situation 1, or S.1 for short. There is of course no paradox here. despite the 
fact that we might equally well regard the frame A’ as being at rest, and A as moving, 
for any one clock in K will also run slow if it is compared with two successive clocks 
at rest in A’. There is no lack of reciprocity between the two frames in S.1 

We can best take the next step by quoting KINSTEIN S own words: ‘“‘From this 
there ensues the following peculiar circumstance. If at the points A and B of K 
there are stationary clocks which, viewed in the stationary system, are synchronous; 
and if the clock at A is moved with velocity v along the line AB to B, then on its 
arrival at B the two clocks no longer synchronize, but the clock moved from A to B 
lags behind the other which has remained at B by $7v*/c? (up to magnitudes of 
fourth and higher order), 7 being the time occupied in the journey from A to B. It 
is at once apparent that this result still holds good if the clock moves from A to B in 
any polygonal line, and also when the points A and B coincide. If we assume that the 
result proved for a polygonal line is also valid for a continuously curved line, we 
arrive at this result: If one of two synchronous clocks at A is moved in a closed curve 
with constant velocity until it returns to A, the journey lasting 7’ seconds, then by 
the clock which has remained at rest the travelled clock on its arrival at A will be 


17'»2/¢e2 seconds slow’’. 


The clock paradox 
Now we have indeed situations quite different from 8.1, because only two clocks 
are involved. In Situation 2 (8.2), A and B are initially separated and synchronized 


by an exchange of light signals. They are brought together by, as EINSTEIN ex 


presses it. A moving and B remaining at rest. Situation 3 (8.3) is not the same. in it 


A and B initially coincide and so may be directly svnchronized. B then remains at 
re while A moves off to return eventually to its initial position. 


2. SOME OBJECTIONS 


In 8.2 and 8.3. what is there to justify Ernsrern’s designation of one clock as the 
travelled clock and the other as the clock which remains at rest’? If we are to believe 
that all motion is relative. we may equally well say that A has remained at rest 
while B has moved. Therefore, say some, we could deduce by the same logic that B 
should lag behind A. This is the clock paradox The description seems to be reserved 
by common usage for 8.3 but clearly 8.2 is not less paradoxical in its outcome. 
EINSTEIN offered no comment on this point in his 1905 paper, which is perhaps sur 
prising. especially as the fact that the special theory of relativity applies only when 
the frame of reference is an inertial frame is nowhere emphasized in that paper. 

The result formed the basis of some discussion, in the early days of the theory, of 
ts internal consistency. (LANGEVIN 1911, von Lave 1912, LoREN?Tz 1914, EINSTEIN 
1918). More recently. DINGLE (1956a. b) and CULLWICK (1957) have concluded that 
EINSTEIN’s prediction of the outcome of 8.3 is incorrect. and that the correct solution 

A and B will be found to read the same. CULLWICK concludes that even in 
and B will be found to read the same. since the orthodox solution f T’ and 
e) implies a lack of reciprocity between A and A We have already disposed 
s objection in Section 1. DINGLE accepts EINSTEIN’s solution for 8.1, but not 


1] 


and bases his argument on the following svilogism DINGLE 1957b) 

to the postulate of relativity, if two bodies (for example, two identical 
separate and reunite. there is no observable phenomenon that will show in an 
ute sense that one rather than the other has moved. If on reunion one clock 
were retarded by an amount depending on their relative motion, and the other not 
that phenomenon would show that the first had moved. and not the second. Hence. 
if the postulate of relativity is true, the clocks must be retarded equally or not at all: 

n either case then readings will agree on reunion 1 they iwreed at separation 

This expresses clearly the difficulty which many physicists must have felt about 
iccepting EINSTEIN’s result. DINGLE has skilfully defended this point of view in a 
series of articles (1956a. b: 1957a. b. e e) 

There can however be no doubt that DINGLE is wrong. That his argument is mis 
taken ; his solution of S.3 incorrect (it is that both clocks will read 7 3) has been 
pointed out by numerous critics (MCCREA 1956a. b: CRAWFORD 1957a, b: COCHRAN 

957b: FREMLIN 1957: BUILDER 1957a, b: DARWIN 1957). Support for EINSTEIN’s 
solution had of course been forthcoming before the recent controversy (BORN i922: 


EppincTon 1920. 1929: ToLMAN 1934: McCrea 1951: Ives 1951: MOLLER 1952). 


RESOLUTION OF THE PARADOX 


yanswer 1s to be given to the objections. it is that there is not equivalence 


and Bin either S.2 or S.3 because A is accelerated and B is not. We shall 
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consider only 8.2 in some detail because it can be discussed quite fully using simple 
mathematics, can easily be extended to apply to S.3, and shows most clearly the 
incorrectness of DINGLE’s position. 

Let us begin by specifying S.2 more precisely. A and B are separated by a distance 
X and are at rest in an inertial frame; that is, they are a relative rest in a region so 
remote from massive bodies that permanent gravitational fields are negligible and 
test particles move relative to the two clocks or to one another in straight lines 
with uniform velocity. The two clocks are synchronized by an exchange of light 
signals. Subsequently A, but not B, is accelerated out of rest in this inertial frame, 
reaching a velocity v in a time t, which we may suppose to be negligible compared 
with 7 or T/8. That is, we suppose the acceleration to have been completed before 
the hand of clock A has moved appreciably from zero. 

Since B remains in an inertial frame, we deduce at once. as in Section |, that on 
meeting, B will record 7 X/v) while A records 7'/8, a difference of approximately 
17? /c2, with B ahead. According to DINGLE’s interpretation of the principle of 
relativity, however, the motions of A and B are entirely equivalent throughout and 
A can be taken to be at rest, the same argument applying. This leads of course to 
the conclusion that, on meeting, A is ahead of B. DINGLE’s theory therefore does 
lead to a paradoxical outcome for 8.2, in that it gives two different answers to the 
question of what the clocks will actually read when they meet. DINGLE has published 
nothing on this problem, but the writer understands from a private communication 
that he hopes to deal with 8.2 later. 

Of course it is perfectly correct to insist that it must be possible to predict the 
readings of the two clocks by a calculation based on a reference frame in which A is 
at rest and B moves. In this calculation however we cannot rely exclusively on the 
equations of the special theory, because this frame is not an inertial frame through 
out. A rigorous calculation (an adaptation of that of MOLLER (1952)) is tedious and 
difficult to follow; the following approximate treatment gives the correct result as 
far as terms in v?/c?. It has been shown by ErNsTeIn (1911), using quite simple 
arguments, that two clocks which are subject to a difference of gravitational poten 
tial y will run at rates which differ by a factor (1+q/c?), (the general theory of rela 
tivity (EINSTEIN 1916), gives the factor more precisely as (1+ 2q@/c?)'), the clock in 
the region of higher potential running relatively fast. Now in 8.2, for the time ty, 


during which A is accelerated, the equivalent of a gravitational field g = v/tq is 


experienced, since a fundamental postulate of the general theory is the equivalence 


of an acceleration and a gravitational field. Thus in the frame in which A is at rest 
(and B is falling freely), A and B differ in gravitational potential by an amount 
gq = qi. Relative to A therefore, B runs at a rate 1-4 qX c? for a time fq. so that at 
the end of the acceleration their readings are ft, (for A) and f,(1+gqX/c?) (for B), a 
difference of tagX /c? = Tv?/c? since X vT. Note that this difference remains, with 
B ahead, even when ¢t, — 0. for fgg remains finite. After the acceleration, both clocks 
are in inertial frames, and, keeping our origin on A, B, now runs slow relative to A 
to the extent }7'72/c?, so that as a net result, when the clocks meet B is ahead of A by 
an amount +7'v2/c2 
on the frame in which B remains at rest. This calculation is admittedly approximate, 


ITv2/c2, in agreement with the result of the calculation based 


but the general method of approach is correct. 
The extension of this argument to a situation similar to 8.3 is fairly obvious. Let 


the time recorded by B between successive coincidences be 27’; in this interval A 


eed The clock paradox 


moves away a distance X eT in a straight line and returns. A calculation based on 
he inertial frame in which B remains at rest shows at once that at the second coin 

lence B is ahead by approximately 1(27')v2/c? Tv2/c2. The caleulation based on 
the frame in which A remains at rest proceeds as follows. The initial acceleration 


‘cuples a time f, whieh Is negligible. B also records negligible time. for although 


cravitational field g x v/t, is large. the difference of gravitational potential is 


iegligible because A and B are at this stage separated by a negligible distance. 
Keeping the origin on A. B now recedes and runs slow. so that when the reversal of 
the motion is about to begin. B is slow by approximately }7v? c* The reversal of the 

occupies a time 21, for A. which is negligible. but the difference of gravita 


The interval Pt gX Cc Pid by ( TOl B sO that 5 is how 


makes 
c?, During 
Tv? /c2 in the end, the final deceleration being unimportant 


the return journey B runs slow by 17'v2/c2. and asa 


ial acceleration was unimportant. 
however a very real difficulty of understanding. How can it come 
ivitational field. which for B is non-existent. can cause B to run 
ind accomplish this in a time which according to A is 


question in another wavy. is the eventual difference of clock 


] 


by the relative velocity (B’s explanation), or is it “caused” 
It] lly acting gravitational field and the relative velocity 

o answer this question (or rather to show that 

1 question) let look again at 1. which falls entirely 

the special theory and on which DINGLE and his critics agree. 
soing from A to B (the explanation of A and B). or is the 
really X 8, and A and B really not correctly synchronized 

ition from a paper by EINSTEIN (1916) should serve to 

point \ll our space-time verifications invariably amount to a 

f space-time coincidences Moreover. the results of our measure 

Thing but verifications of such meetings of the material p nts ot our 
nstruments with other material points. coincidences between the hands 

‘+k and points o1 the clock dial. and observed pomt-events happening at the 
same place at the same time. The introduction of a system of reference serves no 
othe purpose than to facilitate the description of the tot lity of such coincidences ” 


Space and time have no physical objectivity in relativity theory While different 


observers must agree as to what two clocks actually read at a coincidence, their 
explanations (in terms of space, time and motion) of how the clocks came to have 
these readings may be completely different without one explanation being more, or 
less. correct than the other. This fact may well itself merit the adjective “para 
doxical’’. but there is no other possible answer to either of the above two questions. 


The theory of relativity was a revolution in philosophy as well as in physies.! 


4, THE EXPERIMENTAL EVIDENC! 


The question whether two clocks, which are synchronized when they are together, 


will necessarily agree if they are separated and subsequently brought together again 
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is of course one that can in principle at least be answered by direct experiment. At 
the present time a charged particle, or a group of such particles, provide the only 
clock which can move in the laboratory with a speed comparable with the speed of 
light. It is of course well known that ~-mesons. whose mean life when at rest in the 
laboratory is 7 (2-15+ 0-07) x 10°® see., can reach the Earth’s surface from a 
height exceeding 10 km, despite the fact that their journey. in our frame of reference, 
requires about 3 x 10-° see. Our explanation is of course that the time elapsed in the 
mesons rest system is less than this by a factor 8, and 8 may be as great as 10 o1 
more. This result is relevant to 8.1, but not immediately relevant to 8.2 and 8.3. 
Measurements by Durpix, Loar and Havens (1952). using 7-mesons. provide 
direct and fairly accurate experimental confirmation of the outcome of S.1. Charged 
m-mesons at rest in the laboratory have a mean life 7 (2-56+ 0-1) x 10-8 see. In 
the experiment a beam of 7-mesons of energy 73:4 + 2-0 MeV was projected into the 
laboratory and its attenuation with distance measured. The arrangement of appara 


tus is shown schematically in Fig. 2. A meson beam is defined by three-fold coin 


cidences in the scintillation counters C). Co and C's. A fourth counter can be set at a 
variable distance / from C',. and the fourfold coincidences measure the proportion of 
7-mesons surviving the distance /. It was confirmed that this proportion is given by 
exp[ —//(778)|. so that the time recorded by the mesons in travelling from ('; to C, 
is 7 (78). In the laboratory system it is of course //y, 

That such an experiment could readily be modified to become the experimental 
equivalent of 8.3 has been pointed out by Isaak (1957). COCHRAN (1957a, b), GouDs 
MIT (private communication) and no doubt by others. Really all that is required is 
a measurement of the proportion of mesons surviving flight on a curved path of 
given length, as compared with the proportion surviving flight with the same velocity 
on a straight line of the same length. Clearly the proportion surviving flight in a 
complete circle can be unambiguously deduced from the proportion surviving flight 


on anv segment of the circle. There is no reason to doubt that the answer would be 


as found by Dursry, LoAR and HAvENs. (See for example, JANossy, 1948). 


The most striking and conclusive form of the experiment. although one possibly 
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difficult to achieve for technical reasons, would be as indicated in Fig. 3. The meson 
beam is deflected by a magnet to pass again through the fourth counter, which 
would be wide enough to intercept all returning particles. These would traverse a 
distance L of about 10 metres. Particles which did not return would be recorded on 
a cathode ray tube as a single pulse, those surviving the ‘“‘space journey’ would be 
recorded as a double pulse. The constant separation of these double pulses would 
give the time of flight in the laboratory, which should agree with L/v. The proportion 


surviving the journey would give the time of flight in the mesons’ rest 


The counter ¢ ind its associated electronic equipment is the clock B, the 
1 jul} 


FIELD 


tO ] ewspapel reports also 


ing clock runs slow” might 

his is an experiment which is 
Itious torms of! space travel (for 
0 is extremely small. The 
ynsiderable interest. a would provide a test of the 

y in the same sense as the much-looked-for gravitational red shift 
cht from a star serves as a test. The rate of a clock relative to a clock resting 
Earth’s surface (which we denote by dz nnot be predicted from the 


special theory. Since both clocks are in the Earth’s gravitational field the general 


theory should be used [n Tact depending on the radius of its orbit. a satellite clock 


mav either lose or gain relative to an Earth clock. K. SCHWARZSCHILD’s exterior 


solution (1916) for the motion of a small mass in a spherically symmetrical gravita 


nal field gives, to a sufficient approximation 


re 
t 


where G oravitational constant, .V7/ mass of Earth ‘ radius of Earth, 
? distance of the mass trom the Earth’s centre and ~ Is its velocity relative to the 


Earth’s centre. For a satellite moving in a circular orbit of radius r we also have to a 


sumeient approximation that v2/) GM /r2. so that 


GM 
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This result can also be derived from McCrea’s analysis (1956c) of a very similar 
situation. The acceleration of gravity at the Earth’s surface is given by g = GM/R?, 
so that the deviation per second, A dr'/dr—1. of a satellite clock from an earth 


clock. is given by 


where 


For an orbit of minimum radius r x R and A Ap. representing a loss by the 
satellite clock of about one part in 3x 10". For a satellite clock in an orbit of radius 
} 3R/2 however. A 0; for any orbit of greater radius the satellite clock gains, 
the limiting value of A being + 2A9 (SINGER, 1956) 

For an orbit of radius ry 6-5R, whose period is 24 hours, the value of A is 

1-54 Ao This case is of particular interest. because a clock in an equatorial orbit of 
this period could be kept under continual observation from one place on the Earth 
and the value of A determined experiment lly by measuring the beat lrequency 
between signals controlled by two atomic clocks. These can be constructed to 
measure time to one part in 101°, (see, for example, Lyons, 1957) so the effect is not 
obviously beyond detection. There would he no correction. tor DopPLi R shift LOY 
in this situation the two clocks are relatively at rest. It is therefore not at first 
obvious why their relative rate should not be determined simply by their difference 
of gravitational potential, which would give A GM(1/R—1/]r,)/c? 2Ao0(1—R/71) 
The additional term \oR/r; required by Equation 5.3 can however be ascribed to 
the fact that in this situation both clocks are at rest in a rotating frame of reference 

KINSTEIN. 1916). Once again. a different explan ition leading to the same value of 
\ would be given by an outside observer who did not share the Earth’s rotation 
(cf. Section 3). 

It is amusing to find, in view of the controversy on the ageing of space travellers 
that in the simplest form of space travel, the traveller ages most! For a clock Z which 
is thrown up in a uniform gravitational field, moves in a straight line, and returns 
under its own weight will record a greater time than a resting clock Y with which it is 
synchronized at the point of release. This prediction of the general theory can also 
be understood using the special theory and the principle of equivalence. For the 
situation is entirely equivalent to the following, which involves no permanent 
gravitational field: B remains at rest in an inertial frame, A passes with a high 
velocity and is synchronized at the instant of coincidence. Thereafter A is subject 
to a constant acceleration towards B and eventually returns with reversed velocity. 
This situation sufficiently resembles 8.3 for us to say at once that B will be ahead of 
A at the second coincidence. In a permanent gravitational field however the roles 
of ‘resting’ and ‘“‘travelling” clocks are interchanged relative to the above situation: 
4 A and Z B, for Z falling freely in the gravitational fieid is the equivalent of 
B at rest in an inertial frame, and Y at rest in the gravitational field is the equival 
lent of A undergoing a constant acceleration in an inertial frame. To predict the clock 
readings we may use a frame with origin on Y and the general theory, or a frame 
with origin on Z and the special theory. 

A calculation based on Equation 5.1 (that is, with origin on Y) shows that a clock 


which is projected up with velocity U in the non-uniform field of the Earth, rises a 


si 


distance D from the centre of the Earth and returns under its own weight in time 7’. 


will show a reading greater than an Earth clock by a fractional amount 
A = 2A0(1—3R/D+4U |(gT)) 


For D R, A 2\o. To avoid confusion it should be pointed out that if U is 
z GM R. the gravitational terms 


reater than the escape velocity. that is [ 
so that A is negative 


much vu 


1! Equation 5.1 become negligible and dr’ dz l esee Ie 


and the space traveller ages least. (In this situation of course rocket power would 


be used to bring the travellei back). 


Let us imagine a rocket launching platform above the Earth’s atmosphere, vet 


tirmly attached to the Earth. and two space-travellers sent off simultaneously, one 
in orbit round the earth and the other vertically upwards. The latter is civen a 
him to return at the 


than the escape velocity. just sufficient to allow 
found that the 


velocity less t 
nstant when the former has completed his first orbit. It would be 
a member of the launching crew. while 


traveller had aged more! This problem is considered in detail by MIKHAIL 


rin the satellite had aged less than 


1952). The differences would be too small to encourage or discourage either traveller. 


but I trust that this glimpse of strange happenings in the world of the future to 
extent meets the Edito1 S Suggestion that each article should conclude with a 


some 
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On the Clock Paradox 


i ICK 


lock Paradox is not in our view a particularly abstruse question, but it has 


very widely discussed in the literature and some not wholly satisfactory 


en 
resolutions have been olven. 
The paradox arises from using incorrectly the concept of relative motion and 
om ignoring the distinction between inertial and non-inertial frames of reference. 
consists of the following 

A to be at rest in frame of reference. Let a 
{1 with a constant velocity + and then, after it has covered a 


We imagine a clock 
k B move past 
certain distance. let it 

A, 


so that it agaln passes 
which & is travelling past A the readings of the two clocks can be compared directly 


some inertial 


At the two instants at 


ClOC 


subjected to a negative acceleration which reverses its 


he 


this time with velocity 


| 


speed 
without the ntermediary ot lioht signals. Such a comparison will show that clock 
yf apply ing the expres 


1 
t @ 


B is running slow compared to A. or at least this is the resul 

to! proper time 

Is relative. Therefore clock B could also he thought Ol as at rest 
must be looked upon as first receding from 6 with uniform 


Now motion 


A. 
then approaching agaln so that the same equations? appear to predict 


S1O!] 


the other clock 
in space 


Ther 
and 
1 should be slow compared to 6, in contradiction with the previous result. 
ie Same point 


ik 


speed and 


» that 
difference 1 
absolute and objective fact 


methods of 


| 


n the readings of two clocks situated at the 
It depends neither on the frame of reference nor 


The 
Is al ) 
mn the method of de scription. Therefore. as long as they are correct. al 
description must lead to the same result. The contradiction obtained shows that 
> somewhere in the discussion 
is not difficult to see that the error consists in failing to take into consideration 
und B were subjected to 


al or was made 
A 
on and experienced 


the fact that in the imagined experiment the clocks 
recelve acce 
1 impulse which 


leratl 


| 


A did not 
al 


different physical conditions. Clock 

impulses whereas clock 6 was accelerated: it experienced 
reversed the direction of its velocity. In other words the error consisted in assuming 
{ and clock B respectively 


it) 


- Ol the frame of 4 is inertial. 


that the two frames of references connected with clock 
which they are not ly 


] 


were to be treated as equivalent 
ution of the paradox. A quantitative theory must be 


This is the qualitative reso 
( ipable ot calculating the reading of a clock in accelerated motion It has heen noted 


l 


t 


} 


it the so-called proper time 7 defined by the equation? 


(1) 


only has a simple physical significance in the case of a constant velocity v. Then it 
measures the duration in its “own” frame of reference, of a process localized 
at a point moving with this velocity v; in this case therefore equation (1) 
determines the reading of a moving clock. If, however, the velocity v is variable 
such an interpretation of (1) is rather questionable and the impermissible application 
of this equation to accelerated motion is the immediate origin of the contradiction 

By what can equation (1) be replaced for accelerated motion? In the first place 
one should be quite clear that there is no equation that would give the reading of 
a clock for all possible accelerated motions. (This circumstance is hardly ever 
emphasized in discussions of the clock paradox.) It has previously been remarked! 
that no theory can predict how a clock will behave when subjected to impulses and 
arbitrary accelerations, unless the details of the clock’s construction are taken into 
account. 

It is, however, possible to introduce the hypothesis that in those cases where 
the acceleration is caused by a gravitational field the reading of a clock in free 
motion in that field will be given by the expression 


} 


\/ (Joo + 29oiX; xix) At, 


c 


le. by the integral which has to be a maximum for free motion. An argument in 
favour of this hypothesis is that the gravitational field, and only the gravitational 
field. has the property of pervading all bodies and of acting on all parts 1n proportion 
to their masses. 

If this hypothesis is accepted there is no longer any possibility of a paradox 
For now the reading of clock A is obtained by evaluating the integral in (2) along 
the path of clock A just as the reading for B is given by the corresponding evaluation 
along its path. Both integrals so obtained are invariant with respect to any change 
of variables of integration, i.e. for any transformation of space and time coordinates 
The use of different frames of reference, inertial or non-inertial, is equivalent to 
evaluating one and the same integral with different variables. This fact obviously 
excludes the p ssi bility of any discrepancy in the results. 

One should note that in resolving the clock pal ulox we have deliberately differed 


from the traditional discussion in not using the ** Principle of Equivalence ~: because 


of the approximate nature of this principle.? its use could leave a doubt as to whether 


the paradox was really resolved in all approximations. 

We now calculate approximately the reading of the accelerated clock / on the 
basis of the above-mentioned special hyp thesis. We use the Newtonian Approx! 
mation to the expression for ds? and perform the calculation in the inertial frame 


in which clock A is at rest. We have then 


On the clock paradox 
ve the constant value of U’ at the position of A. If B passes A for the first 
QO and then. when returning, again at f 


T the difference in the readings 
etween the passages IS 


influence of the oravitational potential on the rate of 
“O} 


A is taken into 
the difference of the two readings of B over the same length of time 


‘herefore B will be slow compared to A by the amount 


where the integral 1 he taken along the trajectory of clock Bb 


By the law 
conservation ot energy we have 


speed of B at the point where / ly). The relation 
various diffe 


rent ways. for example 


as 


for the potential “’ that in the region considered it has the form 


) 
(fol ? i 


Let clock 4 always be at the origin of coordinates and let 


t / move along the w-axis. 
The ? coordinate ot b will then he 


(fol / 
(fol 


(for 


Here f; and fo 


are the times at which b Passes through the point 
motion to and tro. These Times 


i 


are 


where 


(14) 


is the duration of the uniformly accelerated motion. The time of return of B to 


r () is. by Cre) 


In calculating the integral it is most convenient to use (8) because in it the quantity 
hv? is constant and the difference 2U’ 2l'9 differs from zero only in the region 


ty < ¢ < tg where (11) is valid. An elementary calculation using (14) gives 


(16) 


If we had unjustifiably used equation (1) we would have obtained (16) without 
the term in f*. This term gives the correction for acceleration. It follows from (16) 
that if the duration of the accelerated motion is #7’, the clock B is not observed 
to be slow at all, and for ¢* T it is even fast. It should incidentally not be for 
gotten that (16) is not general, but only derived under rather special assumptions 


coneerning the nature of the motion 


We have performed the calculation in the inertial frame of reference. To repeat 


it in a frame connected with clock 4 would have no sense for we should only be 


evaluating the same integrals in terms of different variables. 
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a dIscUussION 


ation relating 


ATMOSPHERIC TURBULENCI 


THIS article will not attempt to describe in detail the engineering problems ot large 
telescopes. but will discuss in a general way some of the design aspects which are 
being thrown into prominence by modern trends and ideas. Naturally the more 
refined observing techniques now in use demand from the telescope higher perfection 
of image formation, and to achieve this more careful attention than was customary 
in the past is today given to the choice of an observatory site with good seeing 
conditions; indeed a minor branch of astronomical research has sprung up in con 
nection with this single problem, (see Dangon 1955; ELLIson, 1955; ROscH, 1955). 
While image imperfections due to high level atmospheric disturbances can only be 
mitigated by the choice of a good site, the observatory designer is left with the 
practical possibility of local air control in the region of the dome opening and within 
the dome and telescope tube 

The first telescope with a build-in air conditioning system as an original design 
feature was the St. Michel 75-inch reflector for the Observatoire de Haute Provence, 
in which the telescope incorporated a suction system drawing outside air down the 
tube in a manner designed to match the rest of the dome ventilating-arrangements: 
this has already been described (Si1sson, 1957). Practical experience with a ventila 
tion system drawing outside air through the slit in the dome and down a closed tube 
past the mirror has been gained at the Cambridge University Observatory where a 


comparatively simple arrangement was installed in the 36-inch reflector and dome. 


The Improvement in image quality has been so marked that much may be expected 


from this technique in the future at observatories which are not normally blessed 
with xo0od seeing. 

A further refinement which will be introduced at the Pic du Midi Observatory in 
the future will be the conditioning of closed telescopes, such as refractors and 
Schmidt telescopes, by filling them with helium held at constant temperature and 
stirred by fans within the tube. The use of hydrogen was considered but thought to 
be too dangerous having regard to the valuable optical elements. 
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2. OPTICAL ALIGNMENT 


When the light reaching the telescope has been given the best possible conditions 
it is time to consider what will happen to it within the telescope itself. It may 
generally be assumed that the reflected light will enjoy the benefits of any air con 
ditioning provided for the incident beam, and the value of this will be greatest over 
a distance of about one-third of the focal length of the primary after which it will 
matter less. 

The telescope tube has to support a photographic plate or a secondary optical 
system of some sort, in a fixed relationship to the primary mirror at all useful 
attitudes of the instrument, and this it must do within certain mechanical limits 
This is not a new problem, but an increasingly exacting criterion is now being 
imposed by modern observing techniques which make higher demands on a con 
ventional optical arrangement. The same applies in the case of telescopes which 
use modern optical systems of high theoretical and practical performance, with 
their trend towards a shorter focal ratio and a wider field 

For example the Cambridge Schmidt Telescope has an aperture of 17 inches and 
a focal length of 64 inches providing a focal ratio of F3-8, and when this instrument 
was designed it was considered that a comparatively simple mechanical arrangement 
could be used to locate the photographie plate. This plate is 6 inches in diameter and 
the design target was to deform it spherical and hold it in the focal surface to within 
about a thousandth of an inch. However experience has now shown that a normal 
focusing plate will locate the best focus to within about half this tolerance and 
therefore a more exacting criterion could have been used with advantage. Provided 
the engineering is good, it is invariably the case that attempting closer tolerances 
involves increased cost and increased hazard, so that the designer must match the 
budget to the design, and the design to the required performance; unfortunately it 
is often difficult to stretch these links till they will join. 

The guiding of a Schmidt Telescope is a question which has been considered by 
many and a number of ideas have been put into practice. Technically the ideal 
arrangement would be to guide at the prime focus in the centre of the field but few 
astronomers would agree to such a sacrifice. The next best thing is to guide just 
outside the edge of the photographie field still at the prime focus, this being the 
classical arrangement for parabolic reflectors, with the added advantage in the case 
of a Schmidt that the guide star is free from SEIDEL aberrations, and in particular 
from coma. The disadvantages of such a system are the asymmetrical obscuration 
introduced into the main beam, and the rather expensive and fussy arrangements 
necessary to bring the eye-piece system out to the edge of the tube while still allowing 
a measure of freedom of field search to pick up a guiding star. Ifa fixed guiding system 
is acceptable the difficulties are greatly reduced but the further disadvantage 
remains that the guider is several degrees off the centre of the field and field rotation 
may enter as a guiding error. Access to an eye-piece halfway up the telescope may 
well be inconvenient and there is no doubt that a guiding position near the lower 
end of the tube is the most comfortable arrangement. There are therefore compelling 


reasons for the adoption of a simple refracting telescope fixed to the main tube, and 


provided the relative flexures of all the mechanical parts are matched a simple 


arrangement can be relied on to give accurate guiding within about half a second 


of are at all attitudes as has been found on the Cambridge Schmidt. (Fig. 1.). 


of large telescopes 


\ refinement of this system is to provide the possibility of adjusting the flexure of 
the euider relative to the main tube as has been done by ZEISS on the Hamburg 


Schmidt. In this case the objective end of the guider is carried upon cantilever rods 
whose effective length can be altered: it is not known what the maximum euiding 
erl In 


or reaches on this telescope but practical results appear to be satisfactory 
view of the success of these simple arrangements it seems hardly worth while attempt 


ing to improve upon them for conventional Schmidt photography. but if an objective 
ism is being used there may be a ease for considering alternative ouiding systems. 


\ reflecting guider designed by Father JUNKEs has been fitted by Cox. HARGREAVES 
id THOMSON onto the 25-38 inch Schmidt Telescope built by them for the Vatican 
this is an 8-inch reflecting telescope fixed to the main tube. A particular 


ry 
use at the top end of the guider of two plane mirrors each in a 


ywever is the 


axis and parallel to each other. This pair of mirrors rotates 


as a single unit about an axis to scan a wide field of view in Declination. and one of 


pass the converging beam from the parabolic guiding mirror. 
angle up to 8 to the axis of the 


piane at 15 to the optica 


them is pierced to 
This system allows the possibility of guiding at any 


main telescope without inconvenient mechanical displacement of the guider tele 
It does however introduce a 


scope, a useful arrangement for objective prism work 
number of reflecting surfaces into the guiding system and the makers have had to 
cive most careful consideration to the mechanical design to minimize the risk of tilt 
in any of the mirrors. due to structural flexure (Fig. 2 

For the Royal Greenwich Observatory at Herstmonceux a design study has 
recently heen made on a special purpose Schmidt telescope to be equipped with a 
FEHRENBACH prism and work at F.10. Such an instrument would demand a highly 


iccurate guiding system and a novel arrangement which seems to have many 


advantages. The telescope main mirror which is only 
therefore very stiff, will have strapped onto its periphery a saddle in the form of a 


bracket carrying a 5-inch guiding mirror. The weight of mirror and bracket will of 


20 inches diameter and 


course be relieved by a counterweight and lever system to render it weightless so 
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far as the main mirror is concerned. The focal length of the guiding mirror will be 
twice that of the main mirror and a three mirror retroflector fixed to the spider 
which carries the main photographic plate, will return the guiding beam to a focus 


just behind the guiding mirror, which is pierced to pass this beam. It seems likely 


- 


nidt Guide 


Guider Mirror 


that this will provide a very accurate and convenient guiding arrangement (Fig. 3 


Finally. future experience may show that only photo-electric guiding methods can 


take full advantage of the SCHMIDT system applied to astrometry for which purpose 


it is so well suited 


“1G. 3. A Sehmidt Guider 


Main Schmidt mirror 
Retroflect« 


Spider support Tor Schr 


3. THe MrrRror CELL 


The figure of a large mirror may suffer deformations in the telescope due to 
changes in thermal conditions or unwanted changes in the forces exerted by its 
supports. A cellular mirror adapts itself more speedily to an ambient temperature 
change than a solid disc, but in doing so it suffers pattern distortion matching the 
ribbed structure of the back, while the solid mirror will show a general smooth 
distortion (WELLMANN, 1954). If means for continuous general correction of shape 
are built into the support system, for example heating wires on the back of the dise 
as used by A. CouDER, ora mechanical arrangement of some sort, then a very large 
solid dise is probably preferable to a ribbed one. These are questions W hich Can really 
only be resolved by practical trial, but telescopes built to a price must be made to 
work when completed with a minimum of modification, and this imposes a severe 
limitation on the degree of novelty which can be introduced into their design. No 
other art is quite so hampered and it would be a good thing if means were found to 
do a measure of large-scale experimental work without committing a complete 
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‘lescope project. In any case the choice as between a ribbed or a solid disc is likely 
be swayed by practical considerations such as availability in the size desired, and 
significance of the weight of the mirror in the mounting design. A further in- 
nee will be the plan of action for working the mirror and supporting it during 
process. in fact manufacturing and testing procedures play as important a 
in governing decisions for the optical design as they do for the mechanical design. 

\t observatories where the night temperature follows a regular pattern of slow 
annual change from season to season, it is enough to provide a well insulated mirror 
cell in which the dise can be maintained by day close to its night working tempera- 
ture; but in climates subject to large variations in the temper of the weather this 
arrangement is not good enough, although it is better than nothing and usually all 
that is provided. However. at Cambridge a temperature-conditioning system has 
been applied to the simple cell of the 36-inch reflector, by means of which cold air 
ean be circulated within this cell when the telescope is out of use. A standard air 
reflrigeration unit has been adapted to provide air at any desired temperature and 
this unit is connected by flexible pipes to the cell during the day; experience with 
the arrangement has been very satisfactory. 

The support of a mirror dise within its cell is a difficult problem involving the 
application of controlled forces to the glass in both the axial and lateral directions. 
These two sets of forces are applied by mechanical systems which are sometimes 
combined and sometimes quite separate, and while it might be thought that exper 
ience would soon point the way to the simplest and best arrangement this does not 
seem to have happened and many different opinions are heard. The fact that it is 
impossible to test in a comprehensive way any support system under laboratory 
conditions is one of the reasons for the diversity of opinion; for the only test of a 
mirror cell is performance in the telescope, a lengthy process the results of which are 
often hard to discover and sometimes hard to believe. It does seem certain that very 
few large mirrors have been carried upon their support system without obvious 


deformation when first tried out, but it also appears that experience in service has 


pointed the way to defects in each individual system so that each has eventually 


neen brought up tO an acceptable standard ol performance In this Way the position 
in Which many different arrangements have been made to work but none 

is acknowledged as ideal 
The logical aim of any system must to be apply to each part of the dise a force of 
oht amount in ght direction to render the particular part weightless. and 
therefore the method of usIng compound levers with e uunterweights to apply both 
ixial and lateral forces in the plane of the centre of gravity of the mirror must be 
thre retically ie nearest ipproach to an ideal vet ‘tical condition. A ribbed 
to such an arrangement and at mar the largest mirror in 
carried upon a compound lever system exerting lateral 
centre OF gravit\ ind axial forces at the back face of 


disc the DOSITION quite different because the central 


readily accessible and it is necessary to bore rather large 
» mirror. with consequent danger of fracture during boring 


| uniformity which may occasion pa rn distortion in service 


\n example of this principle is the lateral support applied to the solid dise of the 


‘niversal Schmidt telescope now being built by ZeIss at Jena for the new 
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Potsdam Observatory in which the levers apply their lateral force at the bottom of 
holes in the back of the mirror. In this case as at Palomar the axial force is applied 
to the back surface of the mirror and not at the bottom of the hole, which leads to 
some simplification of the lever support system and seems to be a sensible com 
promise. The holes in the back of this dise were successfully hollowed out by sand 
blasting, a comparatively safe procedure if the disc is very well annealed and homo 
geneous. The annealing of a dise such as this with a thermal co-efficient of linear 
expansion of 4-9 x 10-6 per °C can be very good, as it certainly was in this case, but 
as the thermal co-efficient is reduced the difficulty of casting and annealing a large 
glass disc increases sharply, and a boring operation on this scale would often not be an 
acceptable risk for a dise with a co-efficient of less than 3 x 10~® per °C. The lateral 
support must then be applied around the circumference of the mirror and axial 
support applied quite separately to the back face. 

For large mirrors this axial support has always been provided by an appropriate 
number of pads arranged in rings below the back face of the mirror, each possessing 
a little lateral freedom in order to accommodate temperature changes and avoid 
the exertion of any lateral forces which would distort the mirror. Generally each 
pad forms part of a lever system carrying a weight which ensures that the force 
applied by the pad is dependent upon the attitude of the telescope, in such a way 
that it is always matched to the duty it has to perform in carrying it’s share of the 
mirror load. The fulera of all these levers are attached to some mechanical part of the 
mirror cell and the loading at these points of attachment changes with telescope 
attitude. 

This change of loading flexes the cell structure so that the fulera change position 
by small amounts relative to each other, and unfortunately the most likely flexure is 
a general astigmatic distortion, which is the most disturbing to the mirror. If the 
lever system is working correctly the pads, being in contact with the glass disc, will 
not change level relative to each other. so that when the cell structure flexes each 
pivot will have to turn a little to accommodate the movement of the fulerum support 
ing point, and in practice a second joint between the lever and the pad will also have 
to turn. The starting friction or ‘‘stiction’’ as it is sometimes called, in the bearings 
at these two points of rotation will show up as an error in the force being applied 
by the pad to the back of the mirror. By using small diameter ball bearings and 
conventional mechanical arrangements it is possible to reduce this error force to 


around one part in 200. Any individual supporting pad acting in an imperfect mannet 


and applying a force which differs from that of its neighbours by an amount of this 


magnitude, will not produce a significant local deformation in the mirror: but when 
a large number of pads act together towards an astigmatic deformation, as described 
above. there is trouble. To assess the significance of this condition it is convenient 
to consider a pattern of error forces acting on the dise at the points where the 
support pads are The forces over a central belt act one Way while those 1h) the 
crescents on either side act the other, thus tending to bend the dise along a diametet 
The maximum flexure under this loading can be calculated and it appears that for 
mirrors around 74 inches diameter and 11 inches thick a support system of 12 pads 
with a friction error of 1 in 100 will not produce an astigmatic distortion greater 
than 1/20 wavelength of light. However, a 98-inch mirror 18 inches thick supported 
on 24 pads required a friction error as small as | in 220 


To avoid this difficulty a recent United States design employs a number of oil 
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bellows to support the mirror, each connected to a much smaller bellows acted 

by the usual lever and weight. The differential action of the bellows secures an 
effective lever ratio without friction and thus reduces the final contribution of the 
mechanical lever. The design for the Potsdam 2-metre telescope employs crossed 
spring flexures for the lever pivots; this arrangement eliminates all significant 
friction at the expense of increased complexity and some difficulties due to the 
rotational stiffness of the flexure elements themselves so that great care must be 
taken when adjusting them: for example a typical system for a pad carrying ¢ 
300 lb load using high tensile steel flexure pivots would have an error force rising to 
| part in 200 for a pad movement of 0-01 inches away from its nominal correct 
ition: however it does afford a practical solution. 


The method by which lateral support is applied around the circumference of a 


large mirror still affords wide scope for argument. Whatever method is employed 


m must allow a reasonably free axial motion so that the lateral system 
significantly affect the figure of the mirror when the cell structure flexes. 
inch mirror 7 inches thick in the St. Michel Reflector is simply located. and 
upon three lead faced pads arranged at 120° around its circumference 

There is abundant workshop evidence to show that a 74-inch mirror 11 inches thick 
supported on edge on two pads carrying its full weight is gravely deformed, but 

Anno telescope ever does work in the horizontal position and only experience can 
reveal the success of this very simple arrangement in practice 

\ll other large mirrors are supported by a system which divides the function 
hetween weight relief and location. Several 74 inch MIrrors appear to be carried 
satisfactorily by a very simple arrangement of levers all acting on a number of 
brackets fixed to a belt bound round the periphery of the disc. In this case all the 
evers help to carry the weight at all attitudes, those in the upper half lifting by 
tension in the belt. The American design already referred to above employs oil-filled 
bellows to press radially on the lower half of the circumference under the action of 
1 lever and counterweight arrangement. Mechanically this is convenient, but it 
seems to have the disadvantage of inefficiency in its application of the forces, since 
a few bellows near the bottom of the mirror have to carry practically the full weight. 
The ideal distribution of force around the circumference of a solid dise stood on edge 
has been investigated theoretically. and _ it appears that the most satisfactory 
rangement would be to apply radial forces sinusoidally distributed around the 
periphery. rising from zero at either end of a horizontal diameter to a maximum 
tensile force at the top. and a maximum compressive force at the bottom; (SCHWE 
SINGER, 1954 

There does not appear to have been any attempt to arrange the lateral supports 
for a large mirror in this way, but the discovery of glue which will stick metal to 
olass Ina reliable Way does open Up New possibilities. There seems to be no reason 
why metal lugs should not be stuck to the glass as attachment points for links to 
pull or push radially. 

If a number of levers are arranged around the edge of the mirror. each having a 
fulcrum with its axis tangential to the disc, the upper ends of these levers may be 
linked to lugs on the edge of the mirror and the lower ends loaded with counter 
weights. These levers all lying parallel to the optical axis of the mirror, will produce 
a sinusoidal force system around the periphery of the disc, in the manner which seems 


to be best suited to minimize distortion of figure when the disc is not lying on its 
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back, and it was intended to use an arrangement like this to offer lateral weight relief 


for the 98-inch mirror in the Isaac Newton Telescope design. 


A DvuaL PuRPOSE TELESCOPE 


As a conclusion to this article it is perhaps appropriate to describe and discuss 
here very briefly one of the designs which was developed in some detail for the 
Isaac Newton Telescope. The basic requirements were to provide a dual purpose 
telescope with the following characteristics. 

Main Mirror. Aperture 98 inches. Thickness 18 inches. Solid Pyrex with 

expansion 2-6 x 10°® per °C 

Central hole 14 inches diameter 

Front surface spherical 588 inches radius. 

Back surface flat. 

To be made from an existing dise presented by the McGregor 
Trust of Michigan U.S.A. 

Correcting Plate. Aperture 80 inches. Thickness approx. | inch. Stirred white 

plate. To be easily removable 

Prime Focus. Photographic plates 12 inches square to be deformed in the usual 

way. Also prime focus spectrography. 

Gregorian Focus. Removal of correcting plate and prime focus star plate to give a 

Gregorian system corrected on axis for spherical aberration 

Coudé Focus. Similar to the above system but with an alternative Gregorian 

mirror. 

For conventional parabolic reflectors with an F.5 primary and normal Cassegrain 
or Coudé arrangements a Modified English mounting carrying a simple lattice 
girder type of tube will meet the customary alignment requirements up to sizes of 
80 inches or so, beyond this it seems wise to use a mounting giving symmetrical 
support to the main tube of the telescope. Such a mounting allows the possibility 
of a balanced flexure or SERRURIER tube construction first used with brilliant success 
for the 200-inech at Mt. Palomar. 

It seems likely that in the future large telescopes will be constructed which take 
advantage of up-to-date servo techniques, and ensure continuous optical alignment 
by using subsidiary optical systems to render the important parts immune from 
mechanical flexure: it was intended to use such an arrangement for this design; 
(Sisson, 1954). The alignment of a secondary mirror or a photographic plate implies 
locating it relative to the optical axis of the main mirror within certain limits which 
may be referred to in terms of the mechanical flexures, Tilt, Axial Displacement and 
Lateral Displacement. In the case of this telescope it appeared that a common central 
supporting tube should be used to carry the plateholder at one end, and the Gregorian 
mirror at the other end. The criterion for lateral error, in the absence of tilt. for this 
support was the coma which would be introduced into the image by the highly 
aspherical Gregorian; and a limit of 0-025 inch lateral displacement was chosen to 
keep the image enlargement due to this cause below I” arc. Axial error was governed 
by the depth of focus with the instrument in use as a Schmidt Camera, and it was 


thought that the focal distance should be maintained within + 0-002 inch: the 


proposed arrangement for achieving this automatically reduced the tilt to an 


insignificant amount. 
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It hardly seems possible to design a purely mechanical structure which will behave 
consistently within these small limits neither does it seem wise to attempt to do so, 
and therefore it was arranged that the common central support for the secondaries 
would be carried by a system of levers and counterweights so that it floated weight- 
lessly and freely within the main tube. Axial location and tilt would be controlled 
by four fine screws driven by electric motors, three would be theoretically correct 
but four appears more practical : lateral location in two directions would be con 
trolled by fine motions under servo motor control. Reference to Fig. 4 will show the 
proposals as sketched out in a practical way for incorporation in the telescope tube. 
The axial motors are energized through on—off microswitches actuated by compound 
rods having a thermal co-efficient of expansicn matching that of the glass dise and 
lagged to give them a comparable time constant; these rods extend from the region 
of the spider down to the main mirror cell. The lateral servo motors are operated by 
. subsidiary auto-alignment optical system comprising a light source at one side of 
e spider, reflected in a small concave mirror fixed within the central hole of the 
in mirror. and finally brought to a focus again on the opposite side of the spider. 
This art ingement ensures that the common support for the secondaries and photo 
graphic plate is at all times carried in an attitude related directly to the front surface 
he main mirror independently of any flexure in the tube structure itself. To 


nalntaln adequate alignment of the correcting plate a balanced flexure main tube 


] 


design will prove fully adequate 


rhe dise {Ol the Isaac Newton Telescope mirror 1s rathet thicker than usual for 
This is thermally acceptable in a dise with such a low expansion (ee) 


») 


lent, about 2-6 10-° per -C, and it has the advantage of making the axial 


support problem less difficult to solve. In fact a simple lever and counterweight 


ungement employing 24 pads has been worked out as shown in the table. 


1770 
~OQV() 


3910 


SHO0 


It was however intended to design the mirror cell in such a way that a new and 
untried support system would be installed in the first place, and only in the event of 
the failure of this new proposal would the conventional pad system by used. The 
new proposal relates to the axial support only and employs an old idea first put into 
practice by FoucauLt who used a pig’s bladder to carry a mirror. 

The modern version of this seems to be a neoprene bag beneath the mirror with an 
automatic pressure adjustment according to the attitude of the mirror cell, and this 
arrangement is not difficult to realize in practice. When the 98-inch mirror was being 


figured it was at one stage tested on its back lying directly upon a circular rubber 
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bag: this was then filled with air at a pressure regulated by means of an escape tube 
lowered to a fixed depth beneath the surface of water standing in a tank. The rubber 
r had to be centred fairly accurately to persuade the mirror to float upon it without 


but this was not found to be a critical factor or difficult to achieve. During the 


the pressure in the bag was held a little above that required to carry the weight 


i 


of the mirror, which was positively located by three fixed squaring on stops touching 
the front surface close to the edge of the disc. In making these arrangements it was 
found that after the mirror had been lifted by increasing pressure till it just touched 
the stops, it was possible to lower the escape tube a further } inch before visible 
deformation of the image occurred (due to undesirable local pressure at the three 
stops). In other words the experiment showed that for this dise an axial error force 
of some 25 lb. can be tolerated at three local points near the circumference before 
the figure of the mirror is significantly deformed. If now a bag is placed beneath the 
mirror with three gaps bitten out of it near its circumference, it may be used to 
relieve the weight of the glass above at all points except where the three gaps appear, 
and in these places fixed pads may be arranged to carry their appropriate pro 
portion of the weight. and locate the mirror. The area of the gaps may be arranged 
so that with the mirror horizontal each pad must carry (in round figures) a load of 
200 |b. and the bag a distributed load of S.000 lb to support the mirror between 

but it is important that the load on each pad should not differ from the 
nominal figure by more than VAG Ib if distortion ot the MmIrro!l is to he avoided. In 
practice it has been assumed that the observed limit of 25 |b should be reduced to a 
target figure of 10 lb to be well on the safe side. The pressure inside the bag must 
then be always so accurate that it exerts the required lift within + 30 1b correspond 


ing to a pressure accuracy within 0-1 inch of water. To generate a pressure standard 


] 


of the required amount a pivoted lever carrving a weight may be mounted inside the 
mirror cell, carried at the fulerum by crossed springs and supported by a metal 
bellows connected by piping to the bag which supports the mirror. A number of 
ideas for a static system of this kind were investigated but in all cases the changes 
in pressure and temperature led to embarrassingly large changes of volume which 
were difficult to accommodate without prejudicing the accuracy of the pressure 
control. The necessity to seal the system permanently. or make good any leakage 
periodically is also a disadvantage 

For all these reasons a dynamic system was chosen using a continuous supply of 
air brought into the mirror cell at a pressure of about 10 lb per square inch, either 
by means of a compressor mounted on the telescope tube or a flexible pipe led onto 
the tube alongside the electric cable run. The pressure controller is illustrated 
diagrammatically in Fig. 5. It will be seen that if the pressure rises and lifts the 
lever. the escape jet passes more air thus reducing the bag pressure till the force 
due to the bellows balances the load due to the weighted lever. and this load changes 
with attitude in the desired manner provided its maximum value has been correctly 
adjusted 

Such a device has been made and tested quite rigorously under realistic conditions 


in the laboratory with the following results. 


Stability The system was stable and did not hunt. The final parameters 
will be different from those under test. but no difficulty is 


anticipated in this respect. 
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Speed of response: This is adequate to meet the quick motion requirements on 
a large telescope for both rising and falling pressure. 

Consistency: Large disturbances were found to be corrected consistently 
to within 0-020 inch of water of the nominal correct reading 
Variation of + 20°, in the input pressure resulted in changes 
of + 0-02 inch in the controlled pressure 

Linearity Over a pressure range of 15 to 30 inches of water the maximum 
observed departure from an ideal linear relation between 
applied weight and resulting pressure, was found to be 


+ 0-024 inch of water 


ssead spring tulcrun 


ontrolled pressure 


The errors listed above are not very much larger than the probable errors of 
observation so that the experimental work cannot be claimed to show how good 
the controller really is; but these and other test results show that a pressure controlle1 
of this type can fulfil the requirements for an air bag support beneath the 98-inch 
mirror. 

Clearly the use of such a bag directly in contact with the glass would not be an 
acceptable arrangement because without some spacing the back of the mirror would 
be thermally insulated. The proposed design is shown in a sketch (Fig. 6), where it 
will be seen that a number of rubber balls of 2 inch diameter are used directly below 
the glass. The disposition of the balls will have polar symmetry and the spacing 
between them will be about 6 inches, the accurate positioning of the balls is not 
important. To integrate the load appropriate to each of them a thin metal sheet is 
needed between the balls and the bag. The fixed pads are pivoted on levers held fast 
against squaring on stops when the air supply is on, and the support in use; but when 
the air supply is shut off the mirror can settle down on the empty bag. 

In connection with the criterion for pressure control it is worth mentioning that 
according to calculation an error in the air pressure within the bag, which results in 
a total lifting error of 51 lb. that is 17 lb on each of the locating pads, is encugh to 
cause a flexure of I x 10-6 inch at the centre of the mirror. The first-order torm of 
such a distortion will be spherical, and the experimental evidence suggests that only 
when this flexure reaches 1:5 x 10-6 inch does the test image start to show a tri 
angular distortion with this particular mirror. There are a number of features of the 


proposal which cannot be dealt with here. but enough has been said to show that 
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he system holds promise {01 the future, in particular an arrangement of two or three 
s would at once offer the possibility of trimming the figure of the 


urbag 


coneentric 


mirror during use. 
above description shows how the immediate optical difficulties inherent in 


The 
the Dual Telescope design might be met. and it remains to discuss the mounting for 


con plete telescope. In any large telescope design the Coudé system IS nearly 


e an embarrassment for a number of reasons. In the first place the 


alwavs found to be 
flat is a central stop in the converging beam from the primary, and if its obscura- 
be held reasonably small this places a limitation on the position of the 


TT " 
Declination Axis along the main tube: this is particularly troublesome when the 
atio of the main mirror is small as in this case. Then again the long optical 
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grand scale, but it involved a number of uncertainties which were only capable of 


definite resolution by experience. For these and other reasons the Dual Purpose 
Isaac Newton Telescope design will not be used. 
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The Electronic Computer as an Astronomical Instrument 


MARSHAL H. WRUBEL 


Indiana University, Bloo 


SUMMARY 


The enormous potential of the electronic computer as an instrument 
research is emphasized. Astronomical examples are used to illustrate 
and the flexibility of electronic computers speci ommendations ¢ 


of these devices in astronomy 


INTRODUCTION 


THERE are very few astronomers fortunate enough to work with paper and pencil 
alone. For most of us. there is a long path to be followed. from observations to con 


clusions, or from theory to prediction, before our work can be useful to ourselves 


and others. In some cases the data obtained in one night of observations mav take 


weeks to analyse. This process may be so time-consuming that frequently only a 
fraction of the data are reduced before the astronomer is diverted by new problems 
As a result much useful information gathers dust and never appears in the literature 

What can be more detrimental to astronomical enthusiasm than routine. dull 
laborious computation! It has strangled some large programmes, it has delayed others 
and it frequently drives promising graduate students completely away from astro 
nomy. Unless a large force of desk calculator operators is available (and this is un 
likely when astronomers must hire assistants in competition with industry). the 
astronomer must do the work himself and spend valuable hours at menial tasks 
instead of in creative thought. 

With this obstacle in the path, one would think that astronomers would leap at the 
prospect of using high speed computers. This has not been the case. (Astronomers 
are innately as conservative a group of scientists as one can find.) With the excep 
tion of a few widely dissimilar fields the use of computers has been timid and sporadic 

By and large, the principal reason has been inertia. Astronomers are vaguely aware 
of what electronic computers can do to help them. but few have taken the trouble 
to investigate further. For some reason. electronic machines are regarded either as 
mysterious or difficult to learn to use. In reality, with a little guidance, anyone 
familiar with desk calculators can be producing useful results with a high-speed 
machine in a matter of six weeks or less. While this may appear to be a long time to 
devote to learning a new technique, it is an investment which saves far more time 
in the end. 

Naturally, astronomers cannot be expected to change their methods overnight 
It will be the young astronomer, accustomed to learning new things, who wi!l accept 
electronic computation in his stride. It is to these men, especially, that this article is 
addressed. 
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2. StmpLeE EXAMPLES OF COMPUTER TECHNIQUES 
Before discussing specific astronomical applications, let us examine the electronic 
omputer in more detail. It has five principal parts: the input, into which information 
1: the output, out of which results eventually come; the memory, where informa 


Ul 


uined for use during the computation; the arithmetic unit, in which the 


is ret 


calculation is performed; and the control unit, which supervises the entire operation. 


chine has a basic vocabulary of instructions which it is able to perform. 
By assembling these instructions 


rs 

machine language ~ 
series of operations can be performed on the data to solve 
“programme and the process of 


the ‘words’ of 
pel sequel ce, a 
yblem. This sequence is called the 


pr 
it is called “programming”. The instructions of the programme must 
usually numerical) code that the machine can understand. This 


a 


is called ‘coding 


| a particular problem, it can 


the correct sequence has been constructed fo1 
on different data. For example. once a 
d coded for a particular type 


pservations h is been written and 


programming, to reduce ; 


programme for 


yall 


d without further is much data 
so be used on Ln\ similat machine anywhere in the world 
re programme is stored in the memory. Once the execution of 


ntinues 


lv. After » calculation has been 


hed or pri -d. and new data are 


he most itures of any compute! 
iterest have sloped for all the standard 
istronomical ons. For example ast 
ivailable them it is only necessary 
lard procedures of inte1 


1) the propel orm 


Cal OperatlONs al \ aC available and ean 


e additional w 
1 ! ] ] ] 

nowevel WII have be programmed hy the 
it for someone else to do it. it will never be done. 


to make programming as 


being developed 


Machine do most of the work. 


vy. mal ‘yhniques are 
The tendency is toward making the 
t] short-cuts with some disdain. the 


hese 


LwIe IS PoOsslbhile 
While the professional] programme! regards 
beginner would do well to learn them. Although programmes written by these 


methods may not make the most efficient use of the machine. they lead to workable 
error-free programmes in a much shorter time. 
| “automatic programmil und a typical example is 


ymputer. FORTRAN is very 


language very similar 


(one such approach IS calle 
FORTRAN, developed by IBM for its Type 704 c 
ittractive t » the scientists because programming 1 


it 


to algebra. For example. 


‘B*COSF (THETA 


is the FORTRAN equivalent of evaluating 
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A single asterisk indicates multiplication, a double asterisk is exponentation, and 
COSF indicates that the cosine function of the argument THETA is desired. 

When FORTRAN is used, the entire programme is written in FORTRAN lan 

guage and fed into the machine. The computer itself then decides how to express 

the FORTRAN programme in its own basic code and produces a deck of cards 


which can be used in the future to run the problem with appropriate data 


4 


“Interpretive systems” are also widely used. Here we substitute a simpler and 


more versatile language for the one built into the machine. and have the machine 
‘translate’ each instruction immediately before executing it. A typical interpretive 
code is the one ce veloped at Bell Telephe ne Laboratories for the IBM Type 650) 


The example, given above, now is expressed by the following series of instructions 


60] 
O02 
603 
H04 
605 
H06 


607 


This appears to have little relation to the formula it is intended to represent 


will soon see that it is entirely logical. (Although not programmed as efficienth 


| 
Out we 


possible, this will serve as a suitable example 

Kach line represents one instruction and each instruction consists of LO lig 
first one digit, then three groups of three. To understand this programme it is 
necessary to know a little about the memory unit used by this system. It consists of 
one thousand locations. with ‘‘addresses’’ 000 to 999. In each loeation one 10 digit 
word can be stored. 

Information can be sent to or from any location by specifying its address at an 
appropriate place in an instruction. When new information is sent to a particular 
location the old information is automatically erased: but information can be called 
for from any location without affecting the information stored there. That is. when 
we send information to location 601, the number previously in 601 is lost; but when 
we call for information from 601, the number in 601 remains there. Prior to executing 
the instructions given above. we will assume that a. b, and @ have been stored in 
locations 201, 202 and 203 respectively 


The first instruction reads 
9()] 2()] 60] 


The first digit, 3, indicates that a multiplication is to be performed. The multiplier 
is in 201, the multiplicand is also in 201, and the product is to be stored in 601. 
The instruction, therefore, computes a2 and stores the result in 601. 

In a similar way, the second instruction computes 0°. 

The interpretation of the third instruction is somewhat different. Since the first 
digit is zero, it indicates that the first group of three digits is not an address, the 
way it was in the previous instructions, but instead is an instruction code. In this 


case. 304 indicates that the cosine of the number in location 203 is to be taken and 
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stored in 603. This is multiplied by a in the next instruction and stored in 604; and 


next and stored in 605. 

once we know that the code ‘‘1” is addition. and ‘‘2”’ is subtraction, the 
instructions should be easily understood. The final result can be found in loca- 
607 


way of contrast. consider the programme for the same ealeulation using a 


called SOAP on the IBM Type 650: 


RAU 
MPY 
STI 
RAL 
MP 
ST 
RAL 
LDD 
MP 
RAT 
MP 
STU 


END 


be written in comparison with either FORTRAN o1 

Bell interpretive system. Thi i very flexible programming procedure, but it 
SO somewh il complicated 

ito much detail. a few things can be pointed out. Every instruc 

three letter mnemonic ¢ de Memory locations are also o1lven 

instructions caleulate and store a2. RAU means 


or (part of the arithmetic unit The effect is to clear 


I 


irithmetic unit and set up the multiplier. a. The second instruction carries out 


' he third instruction. STU, means STore Upper accummulator, 
it stores the product in the symbolic location ASQ. To explain the rest of this 
ie is beyond the scope of this article 
) our description has been. it 
such as FORTRAN, or the Bell Laboratories interpretive code 


‘rapabilities of any astronomer. 


3. THE ROUTINE USE OF COMPUTERS 


we have become reasonably proficient programmers: what then’ To 

rt of problems could this technique he ipphied / lo begin with one could 

itize all the standard comput itions that are being done at an observatory 

velocities, photoelectric reductions. least squares solutions, plate reductions, 
telescope reductions. statistical analyses, ete. 

process begins by making a broad outline of the computation in the form of a 

liagram’. The entire computation is divided into “boxes”; each box repre 


separate phase of the problem, frequently complete within itself. The boxes 
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are linked by flow lines which indicate the path the computation should follow. The 
machine can be instructed to choose between alternate paths; for example, different 
procedures may be needed depending upon the sign of a result, or perhaps a par- 
ticular function is best represented by one expansion for large values of the argument 
and another for small values. The computer can be programmed to make decisions 
of this kind. 

The problem is usually programmed one box at a time. Each large box may be 
further subdivided into smaller boxes, depending upon its complexity. By using a 
flow diagram, the programming can be done in an orderly way and the interrelation 
of all the parts is clearly visible. In explaining a problem to someone else, either an 
astronomer or a computer expert, it is much easier to talk in terms of the flow 
diagram than in terms of the programme. The programme is cluttered with details 
of little interest to anyone but the programmer, but a properly prepared flow dia- 


cram gives the essence of the calculation 


Consider the following example from the theory of absorption lines. Suppose we 
want to find the profiles of lines formed by seattering according to the SCHUSTER 
SCHWARZSCHILD model. The parameters of the problem are 

(1) the abundance factor, ro: 

(2) the limb darkening, J®/7%: and 


(3) the damping, a. 


The line profile is built up point by point using the variable, v, to measure the dist ince 


from the centre of the line. The object of the calculation is to compute R(v), the 
residual intensity at the point, v7, in units of the continuum (Fig. 1). 
CHANDRASEKHAR2 has given the solution for R(v), and is has been written fo: 
purposes of computation? as 
thy 


R 
~y 


where y is tabulated as a function of e~7!, and 


depends only on the limb darkening. 


CHANDRASI " , and ELBERT, DONNA in 


> WRUBEL., ip. J. 199, 51, 1994 


‘he quantity 7 depends upon a, v. and T(). and ean be found from the theory ot 


t} 


he absorption coefficient It is given by the relation 
T( H a, t 
- functions 7;(7). necessary to evaluate 


iia a = > elt 


— 


ibove everything necessary to compute profiles. but we have not 


| order for computation. Obviously y must be known before we 


be known before we can find y 


indicates the order in which the calculations must be 


rofile aut ymatically The term *“‘Read” means that 


ecard is stored in the 


Puneh”’ 


machine 
ilue of 7 
if desired 
observations. One 
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the extinction of the atmosphere and the transformation of the instrumental col 
system to the standard system. 

For example, assume that the B-V colour is related to the instrumental 
colour outside the atmosphere. C,, by the linear transformation 


B-V A,y+ Aol, 


(’,, 1s found from the raw colour. C9. by using an extinction coefficient to ren 


effect of the atmosphere 


1+ 0-032 see 


In turn, the raw colour is found from the yellow and blue deflections 


together with the amplifier-gain step-calibrations, Sy and Sz 


C 2.5 log (Y1/B1) = Sp — Sy. 


/ 


If four or more standard stars of known B—V are observed, the values of A,. Ao and 
ky. can be found by least squares. This will involve setting up three linear normal 
equations which are solved simultaneously by standard procedures. The flow dia 


) 


cram is given in Fig. 3. 


iRead 


A similar procedure is used to obtain the constants needed to oo trom ultra and 
vellow deflections to U-B and VY. The individual formulae are somewhat different, 
but eventually the problem reduces to the solution of a system of simultaneous 
linear equations. This suggests that we can use the same programme for solving each 
linear system. Box 7 can therefore be removed from the general flow of the problem 


and treated separately, as a ‘subroutine’. Whenever we need to solve a linear 


system. we execute the subroutine. When the solution is found. the normal flow of 


the computation is resumed. 


A flow diagram for computing the three groups of transformation coefficients is 


siven in Fig. 4. 


114 Che electronic computer as an astronomical instrument 


The main flow is interrupted three times to execute the same subroutine—each 
time. of course, with different data. 

| do not mean to minimize the steps that lie between the flow diagram and the 
final programme, but the flow diagram is half the battle. With the aid of a flow 
liagram, the astronomer should be able to describe his computation to the pro- 


grammer. If the astronomer knows programming as well, the battle is won. 


4. THe IMAGINATIVE USE OF COMPUTERS 


If electronic computers did nothing but the routine reductions associated with an 


observatory, they would be very useful. But their potential is far greater than that. 


As one becomes more familiar with computers, they illuminate new ways of approach- 


ing old problems; and, which is certainly more important, they bring observational 
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and theoretical problems that were at one time beyond our reach into the realm of 
possibility. For example, sequences of stellar models describing tracks of evolution 
in the H-R diagram require such an enormous amount of computation that high 
speed machines are absolutely necessary to calculate them in a reasonable time. 
To show how a simple problem can grow in generality when an electronic com 
puter is available, consider the flow diagram of Fig. 2 again. This was a scheme fo 
calculating line profiles according to the Schuster-Schwarzschild model. If we 
examine it closely, however, we see that it can be described in more general terms 


(Fig. 5). 


Read parame 
(Boxes 1, 2 : 


In our original application we used the results of the solution of the transfe1 
problem for the SCHUSTER-SCHWARZSCHILD model in boxes 6. 7 and 8. We could easily 
substitute the solution for the MILNE-EDDINGTON model. keeping the programme for 
boxes | to 5 and box 9 intact: or we could substitute any other assumed relation 
between the residual intensity and the parameters 

We could further change boxes 4 and 5 if some other theory of the absorption 


coetticient were preferable—say, in considering the Stark broadening of hydrogen 


lines. In this way we may “ring the changes” on an existing programme, preserving 


or replacing sections as the situation demands 

Actually, electronic computers make it feasible to go beyond idealized models in 
which the parameters are constant with depth, to compute line profiles for model 
atmospheres in which ionization, damping, etc., vary with depth. Although this is 
possible with desk calculators as well by using weight functions or similar techniques 
the ease with which these computations can be carried out on an electronic machine 
makes it reasonable to explore a much wider range ot possibilities For example it 
would be possible to perform numerical experiments on the effect of blending or 
blanketing. 

This flexibility of programmes is not restricted to theoretical problems. In the 
example we discussed concerning the reduction of observations of standard stars to 
obtain extinction and colour system transformations, we assumed a linear relation 
between the instrumental and B-—V colours. This assumes the systems are not very 
different ; but if they were, the machine could be programmed to include non-linear 
terms as well. 

Astronomers have scarcely begun to explore the possibilities of existing computing 
equipment, but we might mention some of the advances that probably lie ahead. 
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One particularly promising application of computer techniques is in selecting, from 
a large memory, information which fits particular requirements. If a suitable device 
is perfected to transcribe a printed page directly to magnetic tape, it would become 
practical to record volumes of information, such as the Henry Draper Catalogue, in a 
form machines can easily use. This could simplify the planning of observing pro 
crammes. because it would then be possible to ask the machine to ‘‘find the co-ordin- 
ites of all A stars brighter than 10th magnitude that can be observed from McDonald 
Observatory in March”. 
Gomg one step further, it may one day be possible to search the literature by 
ine to find all references to a particular object. And, of course, there is the 
itv of translation by machine, an El Dorado so many are seeking, and which 


» QO] 


f profit to the astronomer as well as every other scientist when found. 


5. CONCLUSIONS AND RECOMMENDATIONS 


bservatories have enough routine reductions to keep a high-speed machine 
n for an S8-houw day Theretore. if they do not have a theoretical department 
machine computations they cannot justify the rental or purchase of a 

ator. Observatories connected with universities may be fortunate in 
accessible on the campus which they ean share with 

rr Cases, nearby industrial installations may be Yenerous 

ting time in the wee hours of the morning. (This should not disturb 

the connection between an observator ind an electronic com 

depend upon the accessibility of the machine. It must be near 


it can be used without spending a disproportionate amount of time 


» be a machine for which a large programme library of stand 


, This is the case for most of the widely distributed 
a few “‘one of a kind” machines at active research installations 
ry should hire 1 part-time program met who we | be responsible fol 
o the obser tory s use of the machine woul ilso have the responsi 
the programmes on the machine 
e astronomer on the observatory staff should acquire, through 


l 


f machine techniques. Otherwise. the connection between 


experience j knowledge | 


the observatory and the computer will be too remote to be effective. 


The electronic computer is an important research tool. Now it is up to the astrono 
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SUMMARY 


increased interest show 


, and the techn ques assoc iated with aurora 


IT is perhaps appropriate to commence with a quotation from a recent article by 


Professor S. CHAPMAN (1956), stating that “the aurora is the only visible manifesta 


tion on the Earth of a complicated series of phenomena that originate from disturb 


ances In the internal and upper layers of the Sun” 


1. VISUAL AND PHOTOGRAPHIC AURORAL OBSERVATIONS 


THOUSANDS of photographs of this beautiful phenomenon have been amassed over 
the past fifty vears; from their analysis several important features have emerged 
Perhaps the most interesting one is that the lower regions of almost all auroral ares 
occur at an altitude of nearly 100 km. This type of measurement is only possible by 
parallactic photography, i.e. by photographs taken simultaneously irom two or 
more observing stations. 

The Norwegians, under the leadership of the late Professor C. SrORMER have 
been prominent in this field, and in the British Isles a research group has been 
working for many years under the direction of J. PATON. 

Recent publicity due to the International Geophysical Year has drawn much 
attention to the scheme for visual observations of aurorae, organized at Edinburgh 
by Paton. Briefly, the collected results of numerous enthusiastic, voluntary obser 
vers are examined and plotted on specially prepared maps, so as to indicate the 
position and extent of the various auroral forms over the Earth’s surface. PATON 
has laid particular stress on obtaining observations from ships and aircraft on the 
North Atlantic routes, in order to ensure as complete a coverage as possible of the 
northern regions. It will be of great interest to examine these records over a complete 
solar cycle. 

An extension of PaTon’s scheme has been the installing of several All-Sky Cameras 
at selected sites throughout Scandinavia, one in Iceland and one at St. Andrews. 
These cameras were constructed at Uppsala; they photograph the entire sky every 
minute (with an exposure of 25 seconds on 16mm cine-film) throughout the hours 
of darkness. Time-markings are printed on the film at appropriate intervals. A grid 
consisting of a set of small lamps aligned in a N-S and E-—W direction above the 
camera, and ranging in elevation from the horizon to the zenith, is recorded on each 
frame. Consequently the bearing and elevation of any auroral feature can be deter 
mined directly. Cameras of a similar type are operating in North America and also 
in the Antarctic. 


Now at the Queen’s University of Belfast, 
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Fig. 2. All-Sky Camera, St. Andrews. 


The camera ci be seen mounted underneath the perspex dome at the top of the tower. The 


dome is continuously fed with hot air to prevent condensation during the night 
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f | site for general auroral 


It does not seem to be generally realized that an idea 


bservations should be several degrees of geomagnetic latitude to the south of the 
of maximum occurrence. and vice-versa in the southern hemisphere. VESTINE 


1944 
Andrews. for example. is favourably placed at 59°N geomagnetic latitude. 


gives 65°N geomagnetic latitude as the zone in the northern hemisphere. 


oy 
Colour photography of the aurora has quite interesting possibilities. particularly 
ir determinit e relative intensities of the auroral radiations. HARANG (1933) took 


ious auroral forms 


simultaneously 1 


nd draperie velopments in high 


ained isophotes tor some pand 
possible ie e@xTenslo \T the time 
visual photometer for auroral colour measurements rwn to the 


the zenith 


one used by (,;ADSDEN 195% 
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Fig. 4 
Phis is a later stage of the great display of 1957 September 29-30. The activity was particularly 
mtense in the southern part of the sky North is on top, East to the left 


2? THe FABRY-PEROT INTERFEROMETER IN AURORAL RESEARCH 


The earlier experiments by Bapcock (1923) on the 5577 A night-sky line, and by 
VEGARD and HARANG (1934) on the same green auroral line, using a Fabry-Perot 
interferometer and ordinary dye-type filters have been reviewed with renewed inter- 
est in the light of the rapid progress in multilayer coatings since 1949. Several trials 


by the writer JARRETT (1955) on auroral glows have recorded Fabry-Perot fringes 


from the 5577 radiation with exposures of as little as 20 minutes, using a multilayer 
interferometer placed in front of an f/2 camera. The objectives of these experiments 
are the temperature distribution in the aurora from measurements of the fringe 
halfwidths, and line-of-sight motions of the aurora from displacements of the 
fringes. Further possibilities arise from the narrow bandwidth (~40 A at 5200 A 
and 75 per cent transmission) all-dielectric interference filters, as reported by 
RinG (1956); of particular interest would be to know the extent of the hydrogen 
Balmer radiation in a given display. Moreover, by the relative enhancement of the 
auroral radiation, these filters should greatly increase the possibility of observations 
during moonlight. 


( 
} 
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The importance of the presence of Hx and Hf in some of the spectra, taken by 
VEGARD (1940, 1950) and later by MEIrNEL (1951) is that this is an indication of 
showers of hydrogen occasionally entering the Earth's atmosphere. 

The wider-bandwidth (~ 80 A at 5500 A) interference filters are a valuable aid 
for visual observers of aurorae, especially when cloud cover makes for difficulty in 
deciding whether activity is really present, or whether it is just scattered light from 


street lamps. A very convenient arrangement is to have them made into a pair of 


sogoales. 


3. AURORAL SPECTROSCOPY 

Turning now to another topic of auroral research, namely spectroscopy, we are 
at once up against the difficulty arising from the general low intensity of the activity. 
At its best it is seldom brighter than the light from the full moon. Clearly, a spectro 
graph of high light-gathering power is essential. Since the aurora is effectively a 
luminous surface of appreciable angular dimensions, the light-gathering power of 
the spectrograph is fixed by the speed of the camera. The tendency is to use a high 
speed camera together with a strongly dispersive element. 

The slit-type spectrograph used by VeEGARD (1933) in his earlier work had an 
f2-5 camera and a two-prism dispersing medium, giving a dispersion of about 
280-270 A/mm in the 4000-6000 A region. To record the fainter auroral lines with 
such an instrument requires an exposure of many hours. In fact, the procedure has 
been to expose on several successive aurorae occurring over a whole winter season. 
This spectrum consequently represents an average intensity distribution for the 
whole auroral activity during that period. 

Since 1949 several faster auroral spectrographs have been devised. Noteworthy 
is, e.g. that of f/1-2 installed at Troms6 by VeEGARD and TonsBere (1952). The 
dispersion of this prism-instrument is 41 A/mm at 4000 A, 100 A/mm at 5000 A, 
and 240 A/mm at 6500 A. The collimator- and camera-lens have an aperture of 
178mm, and the two prisms are of corresponding dimensions. In 1951 a faster 
spectrograph (f/0-65) was also mounted at Troms6é. Details are given in a paper by 
Coyjan (1947). Unfortunately, the dispersion is very inferior to the earlier equipment, 
being only 224 A/mm at 5000 A, and 515 A/mm at 6500 A. 

The most powerful slit-type spectrographs in use for auroral research at the 
present time are those constructed for the Cambridge Research Centre of the United 
States Air Force. They are grating-type instruments with a mirror collimator and 
an f/0-8 Schmidt camera, and are developments of a spectrographic camera designed 
and constructed by MEINEL (1954) at the Lick Observatory in 1948. The effective 
focal ratio is 1: 1-0, due to masking by the grating and plate-holder. The green 
auroral line is often recorded in 10 minutes or less even from faint glows. The dis 
persion in the third order is 40 A/mm. These spectrographs have been set up at 
selected sites (in North America, one at Invercargill in New Zealand, and another 
at St. Andrews) for participation in the current International Geophysical Year 
programme. The chief aim of these I.G.Y. spectrographic proposals is to extend the 
study of the variations of the wavelengths and intensities of the atomic lines and 
molecular bands with altitude and type of aurora. Especially emphasized is 
the need for further observations of the hydrogen lines. In addition, more tempera- 
ture determinations of the auroral region should be made following the method of 
VEGARD and TONSBERG (1952), using the intensity distribution of the rotational 
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components of the R-branch of the negative nitrogen bands. It is interesting to note 
that VEGARD concludes from his work that there is no indication of an increase in 
temperature with increasing altitude. This conclusion is at variance with other 


researches, for example, with the temperatures measured during the recent experi 


ments with rockets. 

With auroral features of short duration, such as a rayed structure which rarely 
remains in one position for more than a few minutes, there is little point in imaging 
a selected portion onto the spectrograph slit ; for, unless the activity is exceptionally 
bright, there is no likelihood of recording it in the time available. It is better to point 
the instrument directly at the display and to select via the collimator slit a particular 
region. Used in this manner, the St. Andrews spectrograph integrates the light from a 
region nearly 7 degrees in extent. 

Every effort should be made to cut down light-losses in the spectrograph. For 
instance, it is unwise to introduce the light via a slit and to reflect it then through a 
right angle onto the main axis of the collimator mirror: (a mirror is used in the 
collimator, rather than a lens, to minimize absorption losses). It is more efficient to 
mount the slit off-axis, using a long focal-length collimating mirror. One should 
assume that the corrector plate and the field-flattener surfaces and dispersing 
prism-faces are anti-reflection coated wherever appropriate. In the case of a grating 
it will of course be blazed for a particular order. 

The brighter auroral lines and bands (e.g., 3914, 4278, 5577 and 6300 A) are suit- 
able for recording with a slitless spectrograph. LEBEDINSKY (1956) has found that 
sufficiently dense images of these lines are given, in the cases of bright aurorae, with 
exposures of about one minute. These exposures are about ten times shorter than 
those necessary for the same lines using slit-spectrographs of identical focal-ratio and 
photographic emulsion. 


4. PHOTOMULTIPLIER APPLICATIONS 

Over the post-war years there has been considerable improvement in photo 
multiplier tubes with the result that it is now possible to scan the spectra photo- 
electrically. Such a photoelectric scanning spectrograph has been constructed by 
HuNTEN (1953); this type of instrument has the great advantage of giving a direct 
trace of the spectrum (if the output is fed into a pen recorder) within a few seconds, 
depending naturally on the scanning rate. 

ARMSTRONG (1956) has arranged a photomultiplier to sean Fabry-Perot interference 
fringes from airglow and aurorae. In his equipment the air-pressure in a cylinder 
containing the interferometer was raised, and the fringe profile obtained by plotting 
the photomultiplier current against pressure as the air was allowed to leak away. 
A later version used a photomultiplier with a pulse-counting circuit. The conclusion 
is. that for quiet aurorae the photoelectric interferometer is quite promising. 
KARANDIKAR (1956) arrived at a similar conclusion as to the success of this method 
for temperature measurements over stationary regions of an auroral display, or for 
rapid surveys across a homogeneous quiet are and other auroral forms. 


5. OBSERVATIONS OF DAYTIME AURORAE 


There are no records of aurorae being seen during the daytime, other than 
during the evening- and dawn-twilight periods. CHAPMAN and Sripps (1953) dis- 


cussed the possibility of observing daytime aurorae during a total solar eclipse, the 
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path of totality crossing the auroral zone. An aircraft flight (PATON, 1954) made on 
June 30, 1954 to a position within the total eclipse belt south-west of Iceland, at an 
altitude of 8500 feet. failed in the sighting of any auroral activity by the observers 
aboard. If an aurora was actually present at the time, it probably faded into the 


sky-background which was estimated to have a brightness certainly greater than 


that of the full moon. 

The possibility of observing daytime aurorae from high-flying aircraft came 
recently under consideration at St. Andrews (ByaRD and JARRETT, 1959) but there 
seems little chance of success unless a height of over 30 kilometres can be reached. 

However, daytime auroral activity does not escape detection completely, for 
continuously operating radio-echo equipment shows that it certainly does occur 
but that it is usually weak. In this connection it is reasonable to suppose that the 
emissions from daytime aurorae may differ from those at night, due to different 
states of the Earth’s atmosphere when subject to solar radiation and when the Sun 


is absent. 


6. RAbDIO-ECHO INVESTIGATIONS 


Most radio-echo information about the auroral regions has been achieved on 
metre-wavelengths. The earliest experiments were made by HARANG and STOFFREGEN 
(1940) on a frequency of 40 Me/s, using a pulse transmitter of peak power 4 kilowatts. 
LOVELL, CLEGG and ELLyert (1947) reported echoes on 46 Me/s, using equipment 
designed for the detection of meteors. Various other workers in Scandinavia and 
North America have since found echoes on frequencies within the range 30 to 150 
Mc/s. A concise account of work already carried out in this field is given in STORMER’S 
(1955) book The Polar Aurora. Attention is drawn to the proposal by HaRANG and 
LANDMARK (1954) that the echoes cannot be due to direct backward scattering, but 
may be explained by assuming scatter from land or sea via the #.-layer. This idea 
is based on the observation that echoes appear at smaller ranges on 35 Me/s than 
on 74 Mes. However. BULLOUGH and KaIserR (1954) at Jodrell Bank, as well as 
McNamara and CurRIE (1954) at Saskatoon, find that this proposal does not fit in 
with the observed results. The radio-echo techniques, besides giving a value for the 
range of the activity. also give an indication of the electron density at auroral heights. 
For detailed accounts of radio-wave reflections from aurorae reference should be 
made to the papers by KAISER (1956) and ForsytH (1954). 

FORSYTH, PETRIE and CURRIE (1949) have reported the reception of radio noise 
ata frequency of 3000 Me's. So far this noise has not been verified by other workers. 
Presumably, its strength is a function of the intensity and the type of display. 

In conclusion, we may emphasize that a vast amount of experimental evidence is 
still needed. both on the optical- and the radio-side of the problems, in order to arrive 


at a satisfactory explanation of many of the varied auroral features. 
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Note on Optical Observations of the Russian Satellites 


D. W. Braces 


The Observatories, Cambridge, England 


THE appearance of the first two Russian satellites in orbits inclined at 65° to the 
equator resulted in the need for optical observations at higher latitudes than had 
been expected. No teams similar to those of the American ‘““Moonwatch” had been 
organized in the United Kingdom, and it is not surprising in view of the unfavourable 
weather conditions at the time that theere were no confirmed observations of the 
23-inch diameter sphere of Sputuik I in this country. although a few sightings were 
obtained elsewhere. A single observer. if not aided by accurate predictions, has little 
chance of detecting satellites below naked-eye visibility. However, Sputnik II and 
the carrier-rocket of Sputnik I, both being naked-eye objects, greatly reduced the 
need for specialised and expensive equipment for accurate positional observations. 

Positions to a few seconds of arc are fairly easy to obtain for objects as bright as 
these. Times to 0-01 seconds likewise present no particular difficulties. It is doubtful 
however, whether it is necessary to aim at such an accuracy in the case of non- 
spherical satellites which encounter appreciable air-resistance near perigee. The 
erratic rate of decrease in the period of Sputnik I] was probably due in the main to 
the varying cross-sectional area presented by the satellite as it tumbled in its orbit; 
(see, e.g... D. G. KinG-HELE in Nature, 181, 738, 1958, and L. G. Jaccuta in Sky and 
Telescope, 17, 278, 1958). In particular during the final days of a satellite's life, before 
it enters the dense layers of the Earth's atmosphere, we require observations which 
can be reduced rapidly, rather than data of the highest accuracy. 

Worthwhile observations can be made with the aid of simple instruments such as 
normal hand-cameras. provided these have f-ratios of at least 4:5. The attached 
photograph of Sputnik II (Fig. 1). transiting beneath the North Pole, shows the 


type of observations obtained by this means. The interruptions were made to provide 


timing marks, the segments being of 4:1, 8:2 and 9:3 seconds duration, respectively. 
The variation in the intensity of the trail was due to the satellite's rotation. 
Timing can be the major difficulty for amateurs, for whom this photographie 
method is well suited. but a carefully rated stop-watch compared with radio time 
signals enables accuracies between a few tenths of a second and one second to be 
achieved. Positional accuracy is of the order of a few minutes of arc. Photographic 
methods, however. are limited to times when the sky-background is dark enough, 
or free from cloud, to provide a sufficient number of stars for reference purposes. 
Theodolite-type instruments, provided they have adequate fields of the order of a 
few degrees, are more versatile; observations of large satellites can then easily be 
obtained in bright twilight-conditions and even when there are fairly extensive 
clouds or thick haze as so often occurs in the British Isles. This type of instrument, in 
contrast e.g. to ““Moonwatch’’-type telescopes, enables a single observer to choose 
his point of observation according to conditions: he is not restricted to a particular 
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Fic. 1. SPUTNIK II: 1958 January 19, 


stars are marked: x a UM), « e UMi, A 
on Ilford HPS-film; D. W. 


Three reference 


Jeggs, Observatories, Cambridge 


azimuth. With the aid of a chronograph it is possible to obtain two or more observa 


tions of a particular passage of a satellite. The accuracy achieved with simple 
equipment of this kind is again of the order of a few minutes of are in position and 


a few tenths of a second in time. A series of observations by this method were 


obtained at Cambridge, and the results sent to the various centres collecting artificial 
satellite data. 


The Two Bright Comets of 1957 


Arend-Roland (1956h) and Mrkos (1957d) 


Not since 1910 have observers in northern latitudes had an opportunity of studying 
i really bright comet. and the appearance « f two such bodies in 1957 aroused con 
siderable interest 

Phe first of these comets was discovered by S. AREND and G. ROLAND at Uccle 
m the night of 1956 November 8 in the course of routine work on asteroids. The 
Image of the comet. then of the tenth magnitude was found on two Kodak 103aQ 
plates exposed in the twin astrograph. Preliminary orbits showed that Comet Arend 
Roland (1956h) was approaching perihelion and would grow brighter: it moved south 
until the beginning of April, but its appearance in the southern hemisphere was 
something of a disappointment. However, as it turned north and became visible 
in northern latitudes towards the end of April, it came fully up to expectations as 
soon as it was possible to see it against a really dark sky and well clear of the horizon. 
By the night of April 23-24 the main tail was 30° long, and the comet was visible 
to the naked eye as a circumpolar object for about a week after this. The comet was 
followed telescopically for almost a year, the last recorded observation being made 
at Flagstaff on 1958 April 11. when the image was of magnitude 21 (ROEMER, 1958). 
The motion of the comet was undoubtedly hyperbolic; the best orbit available is 
that of HasbGawa, (1957). which is based on 116 observations in 7 normals, covering 


the period 18 November 1956 to 28 June 1957 


1957 April 8-03117 U.T. 


308: 78080 q O-S3 16062 
215715909 1950-0 1-OQ002297 


119°94946 


The most remarkable feature of this comet was the brilliant “spike” which projected 
from the head in the sunward direction. It was seen as early as 22 April, and was 
plainly visible to the naked eye on April 25, estimates of its length at that time 
varying from 7° to 15°, according to observing conditions; on April 25-8 it was 
directed almost exactly in the prolonged direction of the main tail and was sharply 
defined on both sides. Before this date, the spike was inclined to the right, while 
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on later dates it was inclined to the left. so that in all it appeared to have swung 


through nearly 20° relative to the radius vector. In all cases one side remained 
sharply limited, but on the other side a diffuse glow filled the obtuse angle between 
the main and secondary tails. (See Fig. 1 and Fig. 2). 


Fig. 1. Comet Arend-Roland: 1957 April 24:9. Exposure time 36 minutes: 6 in. Cooke Triplet, 26 in. 
focal length, Observatory Ascot ; Kodak Oa-0 plate; Aviol 2 Ilford filter. (Photo: Dr. R. L. WATERFIELD. 


Explanations of this anomalous tail were given in various quarters (WHIPPLE 
1957, LARSSON-LEANDER 1957, ARMSTRONG 1957); it will suffice to quote here 
that of WurpprLe: “The sunward tail must almost certainly have resulted from the 
concentration of cometary debris over an area in the orbital plane. Seen at moderate 
angles to the plane, the material possessed too low a surface brightness to be easily 
observed, but seen edge-on it presented a concentrated line of considerable intensity.”’ 


The two bright comets of 1957 
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There is certainly nothing new in the appearance of such a sunward tail, for 
“beards” as they are more commonly called were observed in the comets of 1823. 
1851 IV. 1862 Il. 1877 II, 1882 I] among others; some of these comets were the 
subject of detailed investigations by BREDICHIN (1875) who gave an explanation 
somewhat similar to that of WaipepeLe. Thus, in speaking of the anomalous tail of 


the comet of 1823 he says: “Les particules de cette queue décrivaient donc la méme 


presque) orbite que le noyau, et cet appendice peut étre regardé comme une traineé 


des météores. dont le plus grand était le noyau.” 


Comet Arend-Roland: 1957 April 25. Exposure time 1 hr; Bruce Telescope, Sternwarte Heidel 


berg: Observer: NECKEL. (Photo: Prof. H. Kren wr} 


These conditions are illustrated in the following table, which gives the geocentric 
distance A of the comet, the distance 6 of the Earth above the plane of the comet’s 


orbit (in astronomical units), the angle F which the line of sight made with that 


plane, and the angle Earth-Comet—Sun. represented by £. 


A h 
April 23 0-582 0-04084 
24 0-594 _(Q-02604 
25 0-608 0-01 195 


26 0-625 — 0-00358 


7 0-644 —~Q-O1839 


ae | 
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The date of passage of the Earth through the plane of the orbit was April 25° 
18"-2 and it is clear that the changes in the degree of foreshortening, as shown 
by the angle F, support the explanation given by WuippLe; but any attempt to 
calculate the angle which the spike formed with the radius vector must lead to 
doubtful results. No single observation of the tail could determine its orientation. 
even under ideal conditions, without making certain assumptions. Thus if the 
formulae adopted by BrssEL (1836) in his investigation of HALLEY’s comet are used. 
the assumption is implicitly made that the tail lies in the plane of the orbit. With 
such an amount of foreshortening, however, the slightest deviation from that 


plane, or the smallest errors in determining position angles would entirely vitiate 


the results of such calculations. The most that we can conclude from the observations 
is, as stated by WHIPPLE, that the anomalous tail was due to a thin sheet of dust 
spread out in the plane of the orbit, many millions of miles in breadth but only 
about 10,000 miles or less in thickness, and distributed behind the comet. on the 
outer side of the orbit. 

The geometry of a comet's tail is by no means the simple matter described in 
elementary text-books. It is clear that forces other than radiation pressure are at 
work, and although WHIPPLE’s icy-conglomerate theory for comets is capable of 
providing an explanation, it would seem from a study of other recent comets 
(OSTERBROCK, 1958) that the intersection with interplanetary matter of material 
expelled from the head must also be taken into account. 


The second bright comet, 1957d, was announced by Antonin Mrkos on 2 August, 
and was first seen by him with the naked eye while measuring the night-sky glow 
at the mountain observatory Lomnicky Stit, in Czechoslovakia. A number of 
independent discoveries were announced; these included those of KURAGANO at 
Yokohama (July 29), Peter CHERBAK, an American airlines pilot (July 31) and 
Clive HARE, a young amateur of Tamworth, England (August 3), but for practical 
reasons, the name Mrkos is alone retained for this comet. At the time of discovery 
the comet was near perihelion, and was of the second magnitude. It soon moved 
out from the Sun and for several weeks became a conspicuous object in the north 
west after sunset. with a tail more than 5° in length. The comet had faded from 
naked-eye visibility by the end of September, and by the end of October was too 
near the sun for further observation. It was recovered at the end of January 1958, 
and continued under observation until 1958 July 9, when it was photographed at 
Flagstaff as a diffuse object of magnitude 19-0 

In its early stages the comet had two distinct tails, of which the brighter (visually) 
was decidedly curved. By August 21 this tail had faded considerably, and the 
straight tail had become brighter and displayed numerous knots of material in 
rapid motion. The extraordinary changes that took place in this tail are particularly 
well shown in the photographs taken with the Schmidt telescope at the Observatory 
of Haute-Provence (DuFAy 1958). 

Like Comet Arend-Roland this comet had retrograde motion, in a highly inclined 
orbit with small perihelion distance, but the planes of the two orbits were inclined 
to each other at about 134° and there is no real similarity between the two comets. 

The best orbit of this comet available is that of CANpy (1957), based on 19 obser- 
grouped in three normals 1957 August 4-0, 8 0 and 12-0. 
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10°274 q 0-35511 
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Although these parabolic elements sufficed to provide an ephemeris, there is a 
residual of 11” in the middle declination, so that the true motion of the comet may 
well depart from parabolic. A definitive orbit is to be computed by ScuruTKa. 

Although the unexpected appearance of these two comets provided a wealth of 
new observational material, it is perhaps of even greater importance that they drew 
attention to the fact that the solar system still has many unsolved problems and 
that far too little attention is paid to these. Only a mere handful of observers are 
interested in cometary research, and these are mainly in the northern hemisphere; 
if Comets Arend-Roland and Mrkos have done something to revive an interest in 


comets. they will achieve an added importance in the history of astronomy. 
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Cometary Physics and the Comets Arend-Roland and Mrkos 


N. RICHTER 


Sternwarte Sonneberg, German 


DURING recent years many astronomers have expressed the fear that the “‘great 
comets’ have died out. Since the return of HALLEY’s comet in 1910 astronomers 
have been waiting in vain for an object of similar importance in the knowledge 
that the previous century had brought us no less than five of these. Comets Arend- 
Roland (1956h) and Mrkos (1957d) appeared just at the right moment to prove 
that great comets still exist and the statisticians can state with satisfaction that 
their frequency corresponds exactly to that during the last century. 
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For the modern astrophysicist these comets were a most welcome and long- 
awaited event. True, the physics of the comets has made appreciable progress 
during the past twenty years. New thoughts and theories concerning the structure 
of cometary nuclei have been worked out, for example WHIpPLE’s model!. The role 
played by the selective radiation pressure and the solar corpuscular radiation in 
the formation of cometary tails (BIERMANN’s theory?) provided new points of view 
for the understanding of the previously known relationships between comets and the 
Sun. Considering a comet as a plasma, that is to say, as a mixture of ions and free 
electrons, as well as solid particles, gave quite new aspects and it has been predicted 
that large comets may produce radio radiations. The identification of cometary 
emissions and the explanation of their spectra has been documented in the atlas 
published by Swines and Haser?®: nevertheless it appeared that further progress, 
in spite of the outstanding accomplishments of laboratory spectroscopy, were not 
to be expected until cometary spectra were obtained with appreciably higher 


resolution than had been possible hitherto. The proportion of dust in cometary 


heads and tails could only be determined by extensive polarization measurements. 
For these and many other new problems it was necessary to have a large comet as 
a test-object. The improvement of astrophysical instruments has made possible many 
types of observations that could not be made on the great comets during the last 
century. Modern spectrographs on powerful telescopes are now available at many 
observatories. Photoelectric observations have been developed to high precision. 
Instruments for the observation of polarization can be combined with photometers, 
monochromators, and interference filters in order to obtain photometric data about 
the different components of the light of comets. Radio telescopes give additional 
data. Thus astrophysicists wer2 well equipped to test new methods on the two large 
comets of 1957 and to compare the results with the properties of modern cometary 
models. It was a great advantage that they could prepare for the observation of 
Comet Arend-Roland with particular care. It was discovered on 8 November 1956, 
and they had thus nearly six months before its perihelion passage in April 1957. Such 
long notice has not been available since the return of HALLEY’s comet in 1910. 
A period of fine weather in April and May 1957 enabled the collection of an enormous 
amount of observational material throughout the world. Although it will take a 
considerable time until all these data have been analysed it is nevertheless already 
possible to say something about the results achieved. 

Comet Arend-Roland brought some surprises. The first unusual feature was the 
appearance of a spike-like auxiliary tail, directed towards the Sun, such as had 
never before been observed so conspicuously. The illustration of the orbital position, 
Fig. 3. shows that the whole phenomenon is a perspective effect caused by a fan- 
like auxiliary tail which forms an angle of some 100—120° with the main tail. When 
the Earth passed through the plane of the orbit of the comet on the evening of 
25 April 1957 the angle had increased to 180°, and the wide fan of the secondary tail, 
situated in the orbit of the comet appeared, seen edge-on, as a luminous spike. It is 
interesting that at the time of its greatest extent it was about 5-6. 107 km long, 
and decidedly longer than the main tail which at the time was only 4-5. 107 km. 


WHIPPLE, F. L., Ap. J., 111, 375, 1950; Ap. J., 113, 464, 1951; Ap. J., 121, 750, 1955. 
2 BIERMAN, L., Z. Astrophys., 29, 274, 1951. Z. Naturforschung 7a, 127, 1952. 
. Swrnes P. and Haser, L., Atlas of representative cometary spectra, Institut d°’Astrophysique, 


Liege. 1956. 
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A further surprise was provided by the spectrum of the comet. It showed an 
extremely strong continuous spectrum, the total brightness of which exceeded more 
than three times the integrated intensity of the cometary emissions. This strong 
continuous spectrum was characteristic not only of the head of the comet, but also 
occurred in the main and the auxiliary tail together with the typical emissions of 
CO* and N,~. The sodium line appeared much stronger than had previously been 
observed at equal distance (r= 0-60) from the Sun, and showed marked fluctuations. 
This line was responsible for the yellowish colour of the comet during the last days 


of April. This strong continuum made it appear that the cometary head must contain a 
high proportion of solid, probably dust-like particles. This view was strengthened 


by the high values, up to 30 per cent. found by several observers for the polarization. 
The relationship between the degree of observed polarization and the phase angle 
agreed with that found for meteorites. 

It was with greatest satisfaction that observers were able to establish that there 
were radio emissions from the comet—as had been predicted. They were found at 
a wavelength of 11 m (Kraus). 0-5 m (CouTREz, HUNAERTS, KOECKELENBERGH and 
probably also in the 21 em region (MULLER, PRIESTER and FISCHER). It was possible 
to relate the 0-5 m waves unambiguously to the emissions of the CH-molecule. 

While on the one hand comet Arend-Roland exhibited many interesting features, 
the analysis of which will contribute much to the progress of cometary research, 
it behaved in other respects absolutely normally. The development of its brightness 
was fairly typical of comets in general. The index ‘‘n’ of cometary activity, which 
uppears in the general formula for cometary magnitudes and total brightness (i.e. the 
absolute magnitude mp. referred to the standard distance of 1 astron. unit), shows 
for this comet the same value as for most of the other comets. The maximum dia- 
meter of its nucleus was found to be about 250 km and the mass estimated from this 
to about 5 1019 9 or about 10-8 Earth masses. These are values of the same order 


as those found for other comets. 
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Comet Mrkos appeared quite unexpectedly out of the glare of the Sun in the 
first days of August 1957 and by then it had already attained its greatest brightness, 
reaching first magnitude. Because of this it was discovered independently by many 
observers, but the astronomers were taken quite by surprise. Furthermore, because 
of its relatively unfavourable position in the night sky and of bad weather, its 
observation was handicapped at many places. Thus, in spite of its brilliant appear 
ance, it furnished a much smaller amount of observational material than Comet 


~ 


aay 
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Fig. 4. Spectrum of the head of Comet Mrkos (1957d): Portion of a high-dispersion Coudé spectrogram 
obtained with the Mount Palomar 200-inch Telescope. (Photo: Dr. J. L. GREENSTEIN.) 


Arend-Roland. Nevertheless, it showed a surprisingly similar behaviour in certain 
respects. It had a strong continuous spectrum and the D-lines of sodium were 
prominent (Fig. 4). Observations showed the polarization to be large, but subject 
to considerable and sometimes abrupt fluctuations. This agrees certainly with the 
appearance and the behaviour of the tail of this comet. While the main tail of Comet 
Arend-Roland appeared relatively quiescent and uniform, and therefore offered 
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little opportunity for the determination of the velocities of the matter in the tail 


from the motion of the discrete tail-clouds, the tail of Comet Mrkos showed strong 
turbulence which changed its appearance from hour to hour, even from minute to 
minute (Figs. 5 and 6) 

This is the more surprising since the development of its total brightness was by 
no means so strongly dependent on the distance from the Sun as in the case of 
Comet Arend-Roland. On the other hand. the maximum extent of its tail, about 


Fig. 5 met Mrkos (1957d): 1957 August 21.858 U.T. Exposure 
time 20 minutes; Plate: Agfa Astro-Spezial; Schmidt Telescope 
50/70/172 em. Sternwarte Sonneberg. (Photo: W. GOrz 


42 million km was about the same as that of its predecessor. Objective-prism photo 
graphs showed that the different structures of the tail have to be attributed to 
quite different light-carriers, so that some parts of the tail are due to CO* ions 
only, while others are caused by sodium emissions. Although up to the moment 
only part of the detailed results concerning Comet Mrkos have been published by 
the observers, we may reasonably hope that the full investigation of all the data 
will lead to significant advances in modern cometary research. 
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Fig. 6. Comet Mrkos (1957d): 1957 August 24.841 U.T.; Exposure 
time 30 minutes; Plate Agfa Astro-Spezial; Schmidt Telescope 
50/70/172 em, Sternwarte Sonneberg. (Ph : W. Gotz.) 
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The Anomalous Tail of Comet Arend-Roland 


GUNNAR LARSSON-LEANDER 


Stockholms Observatorium, Saltsj6baden. Sweden 


SUMMARY 

The geometry of the tails of Comet Arend-Roland (1956h) is studied and the anomalous tail is explained 
as cometary matter very strongly concentrated to the orbital plane. Tabulations of the position angles 
of the tails and of the deviations of the tails from the prolonged radius vector are given. Finally, the 


origins of the anomalous tail is commented upon. 


THE spectacular anomalous tail shown by Comet Arend-Roland (1956h) during the 
later part of April 1957 aroused great interest. It was clear very soon, however, that 
the main changes of the tail pattern were of a perspective nature (e.g. LARSSON 
LEANDER, 1957; WHIPPLE, 1957a). The analysis given here is based on plates taken 


fe) 
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at the Stockholm and Lund Observatories and on photographs obtained by Mr. 
R. FoGeiauist, Uppsala, and by Mr. G. DarsEntius, Gothenburg. 

The significant changes in the appearance of the comet may be summarized as 
follows. Previous to April 25 both tails were asymmetrical in the sense that they 
showed weaker fan-shaped extensions on the western sides, while the eastern sides 


were sharply defined (Fig. 7). The position angles of the tails, anomalous tail minus 


Photograph of Comet Arend-Roland (1957 April 22, 2150 2250™ U.T.), showing the 
») 


tail at an early stage of its de velopment. Photo by R Foa! LQUIST, Uppsala ; 2.5 em 


double-anastiginat, f 12 em, emulsion Ilford HP3 


ordinary tail, differed by more than 180°. On April 25-9 the tails were symmetrical ; 
the ordinary tail had the appearance of a parabola, and the anomalous tail appeared 
as a very narrow, extremely long rectilinear ray symmetrically surrounded by 
much weaker diffuse light. The position angles differed by almost exactly 180°. 
Subsequent to April 25 the tails were asymmetrical in the opposite sense, the east 
ern sides showed diffuse extensions, while the western sides were clearly defined. The 
position angles now differed by less than 180°. As the Earth passed through the 
orbital plane of the comet on April 25-7, it is natural to suppose that the changes 
are mainly due to the change of perspective, rather than to intrinsic changes of 
the tails. 
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Measurements of the position angles of the axis of the most luminous part of 
the ordinary tail and of the well defined rectilinear boundary of the anomalous tail 
are given in Table 1. The measurements are plotted in Fig. 8, where also the position 
angle of the Sun, at the head of the comet, is shown. The crosses give the position 
angle of the sharp boundary of the anomalous tail, while the appended vertical 
lines indicate the direction and relative size of the diffuse extension of the tail. It 
is evident from large-scale plates that it is this sharp boundary of the anomalous 
tail which is of significance for a geometrical interpretation. The estimated error 
of the measurements of the ordinary tail is about 2° on days when the tail was 


Table 1. 


Position angle s of the ordinary tail and of the sharp houndary of the anomalous tail 


1957 ORDINARY ANOMALOUS 
rAll PAI 


April 22-§ y 194-: FOGELQUIST 
194: 
195. = 
195- Stockholm 
194: 
192-5 
192 + 
190 Lund 
DARSENIUS 


Stockholm 


relatively wide (April 22-9, May 2-9) or distorted (April 27-9), but the accuracy is 
greater on other days. The error of the measures of the boundary of the anomalous 


tail is generally below 


From the measured position angles the deviations, g; and qe, of the axis of the 


most luminous part of the ordinary tail and of the sharp boundary of the anomalous 
tail, respectively, from the prolonged radius vector were calculated by means of 
Bessel’s formulae (JAEGERMANN, 1903, p. 83). It was assumed in these calculations 
that the orbital plane was a plane of symmetry, as is indicated by the symmetrical 
tail pattern observed on April 25-9. Due to the proximity of the Earth to the orbital 
plane of the comet the values of gy; and qv are very sensitive to the errors of measure- 
ments; in fact the errors of the position angles are multiplied by a factor of about 5 
when transformed to the orbital plane. In order to minimize this effect, the results 
given in Table 2 are based not on the position angles actually measured but on 
values read from smooth curves drawn through the dots and crosses in Fig. 8. 
The geometry of the tails is illustrated in Fig. 9. The ordinary tail is schematically 
depicted as a cone, but in reality it was slightly curved. Due to the curvature the 
determination of the ‘‘axis” of the tail is somewhat ambiguous. As the position 
angles were determined by considering points at some distance from the nucleus 
the values g; given in Table 2 are larger than the values valid for the immediate 
neighbourhood of the nucleus. A more correct representation of the ordinary tail 
than that of Fig. 9 would therefore show curved structures having the same general 
direction, but being more nearly tangential to the prolonged radius vector close to 
the nucleus. On the side away from the prolonged radius vector the ordinary tail 
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had an extension of matter more strongly concentrated to the plane, but probably 
the main part of the tail was also somewhat elongated in the orbital plane. The an 
omalous tail, on the other hand, was formed of matter very strongly concentrated to 
the orbital plane. From plates taken with the Stockholm Observatory 60 em refractor 


on April 25-9, when this tail was seen edge-on, its width. not considering the diffuse 


envelope was found to Le about 30°, which corresponds to a thickness of about 13,000 


‘yn houndary of 


km. On the side towards the Sun the anomalous tail was sharply bounded but was 
more diffuse in the opposite direction. Its extension in the orbital plane towards 
the ordinary tail was considerable. Thus, on April 22-9 the angle of aperture of the 
tail sector Was about 18”. which corresponds to about 24 in the orbital plane. 


Some later photographs. moreover. seem to indicate that the whole region between 


1 


2e 28 


Apr May 


Measured position angles of the axis of the ordinary tail and of the sharp boundary of 

anomalous tail (crosses). The vertical lines appended to the crosses indicate the direction of 

ffuse extension of the anomalous tail. The calculated position angle of the Sun, from the head 
of the comet, is shown by the continuous curve 
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the two tails was filled by diffuse light. On the plate obtained by FOGELQUIST on 
April 25-9 the rectilinear ray of the anomalous tail may be traced for at least 13 
and it seems probable that this limit was set mainly by the increasing opacity of 
the atmosphere close to the horizon. From this observation it follows that the linear 
extension of the anomalous tail along its sharp boundary was at least 25. 106 km. 

As pointed out by several authors (NEEDHAM, BEER and Ho, 1957; VoRoNTSOV 
VELYAMINOV, 1957; WHIPPLE, 1957b) a number of comets have shown anomalous 
tails of about the same character as Comet Arend-Roland. No previous observa 
tions are known, however, of a comet exhibiting a spike-like anomalous tail of 
a length comparable with the present one. 

Among the more thoroughly observed previous objects Comet 1823 is of special 
interest for a comparison with Comet Arend-Roland. The transit of the Earth through 
the orbital plane of Comet 1823 occurred on 1824 January 22, and the anomalous 
tail was observed from this day until January 31. When brightest, the anomalous 
tail was quite comparable to the ordinary one, both with regard to intensity and 
length. From the descriptions and drawings of the appearance of the tail, given 
by von BIrELa (1824), by HaRpING (1824), and by OLBERs (1824), it is obvious that 


Fic. 9. The geometry of the tails. Shaded areas represent matter strongly concentrated to the 
orbital plane. The position of the Earth is that of April 25-7, the day of passage through the 
orbital plane of the comet. 


the concentration of cometary debris towards the orbital plane was in this case 
less marked than in that of Comet Arend-Roland. BREDICHIN (see JAEGERMANN, 
1903, p. 457) concluded from his study that the direction of the anomalous tail 
almost coincided with the tangent to the path of the comet. It thus followed the 
radius vector ; the tail was a pseudo-anomalous tail according to BREDICHIN’s termin 


ology. (In this terminology the true anomalous tails are directed more or less towards 
the Sun but are preceding the radius vector.) As the matter forming the anomalous 


tail in this case moved in the same orbit as the nucleus, the whole assembly was 
regarded as a train of meteorites, the largest of which was the nucleus of the comet. 
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No forces other than the gravitational attraction were necessary to explain the 
phenomenon. 

In the case of Comet Arend-Roland the pseudo-anomalous tail strongly deviated 
from the radius vector and also from the tangent to the orbital hyperbola of the 
nucleus. The orbits of the individual particles forming the tail are thus hyperbolas 
with eccentricities larger than that of the cometary orbit. This fact and the observed 
large extension of the tail in the orbital plane, as well as its sharp boundary towards 
the sunward side, indicate that the matter forming the anomalous tail was subject 
to a repulsive force of solar origin, which, however. was much weaker than the 


forces acting upon the particles of the ordinary tail. The large concentration of 


particles to the orbital plane shows that the repulsive force was acting in this plane. 


This seems to preclude the idea that corpuscular radiation could be responsible, as 
the paths of emitted solar particles would not be radial at the distance of the comet. 
Radiation pressure on meteoric dust may be a possible explanation or, at least, 
part of the explanation. Another additional mechanism, jet action due to solar 


heating of the sunward side of small meteoric particles covered with ices, has been 


suggested by WHIPPLE (1957 a, b). 

From the large-scale photographs it seems evident that the main part of the 
matter forming the anomalous tail was ejected from a region very close to the 
nucleus. If this ejection occurred in all directions, as seems plausible, the velocity 
of most of the ejected particles must be very small compared with the comet’s 
orbital velocity. Otherwise the large concentration of matter to the orbital plane 
could not have been maintained. It should be emphasized, however, that the diffuse 
halo around the spiked anomalous tail on April 25-9 shows that particles were present 
also at considerable distances on both sides of the plane 

The writer is indebted to Professor C. SCHALEN, Director of Lund Observatory. 
to Mr. G. Darsentivus and Mr. R. FOGELQUIST., as well as to colleagues at this observa 
tory, especially Mrs. K. LopEN and Mr. L. O. LopgEN, for placing observational 
material at his disposal. He is also grateful to Mr. P.O. LinpBLap for his calculations 
of the directions in space of the tails of Comet Arend-Roland at an early stage 


of the present investigation 
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IV 
Filter Photography of the 1957 Comets 


NEVILLE J. WOOLF 


The Astronomy Department, Manchester University 


AFTER many lean years 1957 provided a feast of two bright comets that prodigally 
came to perihelion within four months of one another. Nevertheless they are dy- 
namically unrelated. Because of the relative Earth-Sun-Comet positions MRrkos 
(1957d) was only discovered at perihelion whilst AREND-ROLAND (1956h) was found 
six months before its perihelion passage. The apparent tail structures also were 
very different. Comet Arend-Roland seen from near the plane of its orbit had 
concentrations of matter in this plane accentuated, whilst for Comet Mrkos the 
line of sight was nearly perpendicular to the plane of its orbit so that it showed separ- 
ate gas and dust tails, but concealed any “beard” or ‘‘aiguillon” such as the Arend 
Roland comet showed. 

Shortly after the spectacular beard of the Arend-Roland comet had disappeared 
it was explained geometrically by LARSSON-LEANDER (1957) and WHIPPLE (1957) 
as a concentration of debris in the orbital plane. Physically however, the phenomenon 
is still obscure. The beard showed a sharp sunward edge and a diffuse trailing edge 
similar to the proper tail. There was no sign of any structure to suggest the presence 
of gas. If the sharp sunward edge was the locus of miniature nuclei emitting the 
dust which was the main part of the beard, it is not easy to see how these nuclei 
were separated from the main nucleus and why they were in line in the comet’s 
orbital plane. 

Comet Mrkos’ tail showed a well marked division into a nearly straight gaseous 
tail and a broad curved dust one. A feature of the dust tail warranting more atten 
tion was its peculiar streaked appearance on 13 and 14 August 1957. The gas tail 
emitted light of the usual CO~ bands and also the sodium D lines. Filter photography 
by Bigay, Doan and Duray (1957) separated these two emissions and showed that 
whereas the ionized carbon monoxide streamers were of the usual wavy appearance, 
the neutral sodium emission was concentrated in bright straight streaks radiating 
from the nucleus a distance of 5°5 into the tail. The sodium emission at large helio 
centric distances was extraordinarily strong in both comets, yet it seems improbable 
that the abundance of sodium should be anomalous in both. 

Because the continuous spectra of the comets were strong it may be possible to 
determine the nature of the “dust” that gave rise to them. The spectral distribution 
of this scattered sunlight has been studied photoelectrically and it has been shown 
to be reddened. The particles were therefore the same size as, or somewhat larger 
than the wavelength of light. The ratio of solar gravitational pull to radiation pres 
sure on the particles can be determined from the position angle of the tails; also the 


polarization of the continuum at various scattering angles has been measured. 
Together these three measures should elucidate the nature of the dust. The new 
polarization measures by BLACKWELL and WILLSTROP (1957) and MARTEL (1958) 


are important as not only has there been little cometary emission to dilute the 


{ 
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polarization by an uncertain amount, but also observers have used colour filters 
to prevent this. Interpretation of the results will be difficult since, the particle-size 
being of the order of the wavelength of light. measures on macroscopic objects give 
invalid comparisons. 

Mar \ observers photographed the comet through filters to isolate the emission 
of the separate bands, but this technique is not a panacea. The origin of the CO 
tail-streamers is not known and requires the study of these streamers near the 
cometary nucleus. Normally the brightness of the molecular emission bands prevents 
this. and therefore A. N. Areue of the Cambridge Observatories and the writer 
tried to isolate the CO> emission of the Arend-Roland comet using a 50 A half-width 
interference filter. Together the strength of the continuous spectrum and the weak- 
ness of the CO~ emission made this project unsuccessful. One might suppose that 
narrow band filters could always improve the contrast of the streamers, but this is 
not the case. The brighter CO~ bands come in pairs about 22 A apart, the pairs being 
separated by about 200 A. As one contemplates the use of filters of decreasing 
bandwidth. one sees that CO> bands will be rejected nearly as rapidly as the con 
tinuum. Because the bands are in pairs, even the narrowest bandwidth interference 
filters (about 15 A) will not help. When the continuum, rather than the band emission 
of the head. is the enemy, it appears that interference filters can only improve the 
streamer contrast by a factor of about 3. Short exposures are needed as one is in 
terested in the changes of the streamer structure, but the rejection of much of the 
CO> light by the filter prevents this. A 30 min. exposure through the 50 A filter with 
i telescope of effective focal ratio f/4 showed faint streamers that could only be traced 


a little nearer the nucleus than on a 7) min. unfiltered exposure. With gaseous comets 


the technique should be feasible; for comets with much dust the optical problem 
seems intractable. Studies of the head emissions by others will probably have suffered 
from the same difficulty. though less acutely. 

In view of the coincidence of Comet Mrkos with the International Geophysical 
Year it is hopeful that it will help to elucidate the correlation between cometary 
brightness and solar activity. Work by THIESSEN (1957, 1958) on Comet Arend-Roland 


showed a correlation between decrease of cometary brightness and an increase of 


sunspot numbers, whilst previous work by Breyer (1952) on other comets suggested 


a correlation with increasing brightness. indicating a higher probability of discovery 


of a comet near sunspot maxima. 
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SUMMARY 


A brief examination and discussion is given for the nine types of basic observational data which may 
be quickly obtained with telescopes of moderate size for stars brighter than visual magnitude 8-5. It is 
concluded that for these 70,000 stars photoelectric multicolour data and much more accurate proper 
motions are most urgently required. Furthermore, existing photoelectric techniques should be applied 
to the determination of their precise spectral and luminosity classes. The development of a photo 
electric technique for the quick determination of radial velocities offers a special challenge and seems 
attainable. The key role of the photoelectric cell in most of these ty pes of observations strongly Suggests 
the need for a new and specialized type of observatory; such an observatory is especially needed in the 


southern hemisphere 


INTRODUCTION 


THAT astronomy is something of an observational science is no news to anyone who 
has contemplated the hundreds, if not thousands, of thick volumes that may be 
found in any good astronomical library which contain the results of observations of 
one kind or another. In view not only of the continually changing directions and 
emphasis of astronomical and astrophysical research, but also of the development 
and manufacture of powerful new instrumental accessories, it would seem to be 
profitable from time to time to examine, however briefly, both the needs and possi- 
bilities in regard to the mass production of different kinds of observational data of 
the highest possible quality. This paper is an attempt at such an examination and is 
concerned with and limited to those types of observations that may be made with 
adequate precision in a few minutes per star with telescopes 36 inches in diameter 
or less for stars brighter than visual magnitude 8-5. There are approximately 70,000 
such stars and this somewhat arbitrarily selected group is chosen only to fix ideas 
and as a basis for discussion. Telescopes larger than 36 inches in diameter are so 
expensive and so unwieldy on the one hand and of such great usefulness in attacking 
critical problems concerned with fainter objects on the other, that their extensive 
use in the routine production of data might well be seriously questioned. 

One of the most active fields of investigation in modern stellar astronomy is that 
of stellar evolution, and substantial and exciting progress is at long last being made 
in this difficult subject. This progress has come about through our increased know- 
ledge of stellar energy generation derived from studies in nuclear physics and has 
been further accelerated especially by studies of the colour-magnitude diagrams of 
both globular and galactic clusters. The globular cluster studies, stimulated by 
BAADE’s stellar population concepts, were made possible by the advent of the 
efficient multiplier phototube. These studies are almost exclusively a field of investi- 
gation for the very large reflector and it is to be hoped that the fundamentally im- 


portant work of the Palomar observers may be checked and supplemented by 
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observations with our all too few other large reflectors; furthermore, extension of this 
work to the southern hemisphere would be especially desirable, not only because two- 
thirds of our Galaxy’s globular clusters are south of declination —20° but also because 
of the presence there of both the Magellanic Cloud globulars and such important 
nearby clusters as 47 Tucanae and Omega Centauri. Photoelectric studies of galactic 
clusters are perhaps even more important in advancing our knowledge of stellar 
evolution and here the small reflector can be and has been used most effectively. 
An examination of SHAPLEY’s (1933) list shows 44 galactic clusters south of —20 
whose brightest stars are brighter than tenth photographic magnitude and whose 
estimated distances are within 1,200 parsecs; these clusters have scarcely been 
touched. 

Perhaps even more important than either type of cluster are the associations, 
because if an association can be identified and its expansion measured, then a mos: 
important piece of information, namely the lifetime of its component stars, is ob- 
tained. Given enough such information derived from many such associations one 
may hope to answer eventually the following important question in considerable 
detail. namely: How do the various observable properties of a star such as its 
temperature, size, luminosity and chemical composition change during its lifetime? 
Or. from the point of view of a theoretical astrophysicist calculating evolutionary 
models of stars. knowledge of the lifetime of a star is as necessary as knowledge of M, 
Land R in order to guide the calculations to results that have physical meaning. 

An inspection of the Morgan, WHITFORD and CoDE (1953) list of 27 associations 
of high luminosity stars discloses the kinds of data we need to know in order to study 
such groups. In order to obtain trustworthy distances one needs reliable luminosities 
combined with apparent magnitudes corrected for absorption; this correction is 
accomplished by means of colour excesses derived from multicolour observations 
alone or in conjunction with spectral types. The age of the association can be deter 
mined in principle either by means of the differential proper motions or the differen- 
tial radial velocities. Most of these 27 associations are distant 1.000 parsecs or more, 
vet they contain many naked eye stars whose proper motions are usually not as yet 
accurately enough known for expansion ages to be determined. Fig. 1 illustrates the 


proper motion data as given by DELHAYE and BLAAuw (1953) for both right ascen- 
sion and declination for the nearest of these associations. Proper motions ten times 


more accurate should make this expansion phenomenon crystal clear and might even 
answer other important questions such as whether the stars were all born at the same 
time and in the same place. The study of such associations is still in its infaney and 
most of the necessary data—even for the brighter stars—as to proper motions, 
colours, magnitudes, spectral types, luminosities, distances and radial velocities have 
not as yet been published or even obtained with the precision now possible with 
modern techniques. 

A major question concerning these associations is the identity of the member stars, 
and here our basic data are too imprecise and need substantial strengthening. Modern 
data on all stars brighter than a given magnitude limit would locate many new 
members and almost certainly new and new types of associations. At one time 
(RUSSELL, 1952) it was enthusiastically “anticipated that the general mass of stars 
of known proper motions would, after sufficient study, be divisible into an assem- 
blage of moving clusters, having relatively few ‘mavericks’ which failed to belong. 
We now know that this hope was vain’. Given accurate enough space motions for 
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70,000 stars however, we might still hope to be able to pinpoint the birthplace and 
date of many thousands of the more luminous of this group and pick out those stars 
needing high dispersion spect roscopic attention with the great reflectors. To put it 
another way, we don’t know which stars we are interested in until after the best 
possible basic observational data has been obtained and analyzed. 

The above considerations suggest eight kinds of basic data needed. to which we 


will add polarization. The list to be discussed is then: 


1. Position. 3. Luminosity Class. 
2. Proper Motion. . Parallax. 

3. Magnitude. . Radial Velocity. 
4. Multicolours. 9. Polarization. 


5. Spect ral Type. 


~ 
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v 
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-0:016 


—0*020 


+33 +34 «+35 436° +37” 
Declination 
Fic. 1. Proper motions in right ascension (filled circles) 
and declination (open circles) for members of the 
ra Persei association. The slopes of the lines correspond 
to an expansion age of 1-3 108 years. 


There are positions, proper motions, magnitudes and spectral types of sorts for 
essentially all the stars brighter than visual magnitude 8-5; radial velocities for about 
13,000 stars and multi-colours, luminosity classes, parallaxes and polarizations for 
only a relatively small percentage of our 70,000 stars. However, if we consider 
standards of accuracy which are presently obtainable with ease with moderate-size 
telescopes then it turns out that over 99 per cent of the stars need attention in most of 


150 The first 70,000 


these divisions. It should be pointed out that this discussion does not include such 
things as stellar magnetism, rotation, duplicity, variability, emission lines, chemical 
composition, spectrophotometry, radio astronomy, sky-mapping, or observations 


of planets. nebulae. and galaxies. 


2. POSITIONS AND PROPER MOTIONS 


The Boss General Catalogue of 33.342 stars. published in 1937, is the present day 
source of most of the accurate proper motions (for stars brighter than visual magni- 
tude 8-5) but not of their positions. Although the assembling of this catalogue, 
hereafter called the GC. was a magnificent achievement in bringing together and 
making full use of millions of meridian observations, it was immediately recognized 
that the catalogue had some obvious weaknesses. Perhaps the most serious of these 
concerns the positional accuracy of the fainter stars. a condition worse today than 
20 years ago because of the increased length of time of extrapolation from the mean 
epoch of observation which is about 1900. A fundamental system is defined by the 
constant of precession and the positions and proper motions of a network of stars. 
Over two-thirds of the GC stars now have probable errors greater than + 0°40 and 
the system is much too fuzzily defined for stars fainter than sixth magnitude. The 
average positional errors for 1960, increased by 15 per cent in conformance with the 
Yale Observatory practice, are plotted in Fig. 2 as a function of apparent magnitude. 
The variation of error from star to star within any narrow magnitude interval is 


substantial. The poorer quality of the southern hemisphere positions is apparent, 


especially for the stars south of 30°. The sharp increase in errors between fifth 


and sixth magnitude is an outstanding feature. The published probable errors for 
both right ascension and declination have been combined in this graph; in general 
the right ascension errors are approximately 13 per cent larger than the declination 
errors. If a position with a probable error of + 0°05 were to be obtained in 1960 for 
the stars in the catalogue. the resulting errors for 1970 and the year 2000 are shown, 
averaged for the whole sky. For the year 2000 the improvement is a factor of 4 as 
compared to the present time and the probable error of + 0°12 is comparable with 
that of the Yale Zone Catalogues at their respective epochs. The present day errors 
of the Yale positions vary from + 0°16 to + 0°34 depending on the declination zone 
and refer, of course, to many more stars than are in the GC. The GC is essentially 
complete to visual magnitude 7-0 so that it might be expected that the errors in 
position and motion for seventh and eighth magnitude stars not in this catalogue 
would be somewhat larger than shown in Fig. 2. This may or may not be so, depend- 
ing again on the declination zone. For example. in the Yale Zones from + 30° to 

30° the annual proper motion probable errors range from +0°004 to greater 
than +0°013. 

There are two obvious methods by which the GC errors may be substantially re- 
duced; one is by further observation, and this is being done, especially in the AGK3 
programme (HECKMANN, 1954). The second method is by properly absorbing the 
great quantities of stellar positions that have been published since the early 1930’s, 
and this is not being done. Without going into any detailed argument at this point, 
it would seem to be obvious that both approaches are necessary and desirable; and 
further, an improved GC should include stars to a fainter limit and tentatively, this 


limit should be visual magnitude 8-5. 
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The reasons we need such an improved and enlarged GC are many and are sub- 
stantial. One such reason is the desire for more accurate proper motions for our 
70,000 stars arising from our need to know their tangential velocities more accurately. 
There are two kinds of problems here ; on the one hand we need percentage accuracies 


Apparent vi 


Fia. 7. Probable errors of the 1960 GC positions (above): 
probable errors of the GC proper motions (below). 


of the order of 5 or 10 per cent in any discussion of moving cluster or expanding 
association characteristics, while in discussions of statistical parallaxes the errors that 
can be tolerated might be 10 times greater. In the former case, systematic errors of 
the fundamental catalogues might not be important—with the exception of magni- 
tude errors which are important; in any particular problem the stars under considera- 


tion would usually be in a relatively small region of the sky. Errors in the parallax 
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might or might not be important here. In the case of the determination of statistical 


varallaxes. systematic errors would be more serious. The average tangential velocity 


] 
I 
; 


or the stars of brightest apparent magnitude is about 22 km/sec. The nearest early 
B-stars. Cepheids and supergiants would average less than this while the O-stars 
would average somewhat higher. We will here accept a tangential velocity as accurate 
enough for statistical purposes if the tangential velocity probable error due to the 
proper motion error alone, is equal to or less than + 15 km/sec; a ““precise’’ tangential 
velocity is here defined as one with one-tenth this error or + 1-5 km/sec. At any 
magnitude level the error requirements are such as to be most stringent for the stars 
highest luminosity: furthermore. the requirements become increasingly more 
is we go to fainter apparent magnitudes. It is convenient to discuss three 
absolute luminosity levels. namely: J/ 0-0 3°5 and 7-0, corres 
proximately to the absolute magnitudes of BYV or KOI stars, BIV or 
classical Cepheid. and Ia supergiants, respectively. Distances have been 
<1 at appropriate apparent magnitudes for stars of these three absolute 
luminosities: a visual absorption of 1 mag/kpe has been assumed. The proper motion 
probable errors corresponding to both the “statistical” and “‘precise’ cases were then 
calculated from the familiar equation. \ pT 4-74. with T equal to +15 km/see and 
1-5 km sec respectively 
The resulting six error curves are shown in Fig. 3 along with the GC proper 
motion error curve for the whole sky. The six intersections of the former with the 
give “precise” and ‘statistical’ apparent magnitude limits. For example, GC 


} ) 


stars brighte than visual magnitude 8-2 will. on the aver 19e, have errors 1n pi small 

enough to be useful for statistical purposes provided .J/, is equal to or fainter than 

on the other hand la supergiants will only have precise proper motions for those 

few ighter than first magnitude. The intersection point of the J, 

15 curve at visual magnitude 5-9 is in reasonable agreement with the 

experience of BLAauw and MorGan (1954) who found that only 18 of the brighter 

Cepheids were statistically useful in fixing the zero-point of the period-luminosity 

law: most of the numerous cepheids fainter than magnitude 6-5 had proper motions 

so inaccurate ‘ven with improved data—that they were useless for statistical 
purposes. 

The lower curve labelled “Improved GC Motions” is the result again of combining 
GC data with hypothetical positions obtained in 1960 with probable errors of +005. 
The improvement in accuracy is more than a factor of 3 for stars fainter than sixth 
magnitude and somewhat less than this factor for brighter stars. The improvements 
in the magnitude limits are listed in Table 1. 


An improvement of one magnitude would correspond to an increase in numbers 


of stars by a factor of about 2-8 on the average and 2 magnitudes would correspond 
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to a factor of about 8: it would not be this much for the highly luminous stars. Thus, 


we might reasonably expect a very substantial and useful extension of our know 


ledge of stellar motions to many more stars, provided the GC proper motions were 


to be improved by 1960 positions in the manner previously indicated. It should be 


emphasized however that this discussion does not apply to high-velocity stars no! 
to stars brighter than 8™5 which are not in the GC. and further. has ignored the 


substantial differences in northern and southern accuracies. 


Annual proper motion 
15 km/sec) represent “stat 
1-5 km/sec) represent 
urves with the ‘ ( motion erro! 


ons of these six ¢ 
magnitude limit to which f accuracies hold fo 


5 and a motions repre 


of adding : ( ervatio t 1960 with a probable 


Although it is difficult to guess what improvements in accuracy might be expected 
if the GC were to be brought up to date, there is no question but that such should be 
done as soon as possible. No observational catalogues are included in the GC that 
were published later than the early 1930's and excellent positions observed 20 years 
before this deadline were. of necessity, omitted. The number of observational cata 
looues that could be included in a revised GC would number close to 100; most of 
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these would be catalogues of modern precision and some of them are very extensive. 
The AGK2 volumes, the Yale Zone Catalogues, and the numerous and excellent 
Cape Photographic Catalogues could be included. for example. The FK4 is about to 
be published and this would provide a modern, definitive framework upon which to 
build. Putting aside for the moment the question of AGK3 positions and other pos 
sible new positions, a discussion of observations already made would give the best 
possible positions at a mean epoch of about 1925 that could be obtained in no othe) 
way. A decisive factor in initiating such a large project would be the presence at some 
of the large national observatories of modern data-processing machines. Such com 


puting 


aids could handle and process and analyse these copious data effectively and 
quickly and. in fact. this is exactly the type of problem for which such machines are 
built 

An extension of the magnitude limit to 8-5 would make any revision of the GC a 
much more valuable one. Such extension would make better and more complete use 
of existing star catalogues—such as the AG catalogues for example—and would 
enable better systematic errors to be derived for these catalogues, especially for the 
fainter stars. It would extend our knowledge of definitive proper motions to more 
than twice as large a group of stars, placing them on a homogeneous system with 
substantially reduced systematic errors. The resulting network of 1-7 stars per 
square degree on the average would be especially useful, with proper supplementation 
it high galactic latitudes. in providing the reference stars necessary for extension of 
this svstem. by photographic interpolation to fainter stars. From the point of view 
of this paper it might. for example. lower the “Improved GC Motions” curve in 
Fig. 3 by 30 to 40 per cent. thus making available both “statistical” and “precise” 
motions tor a considerably larger number of stars. 

The primary instrument used in the determinations of absolute positions and 
proper motions is the transit circle. Modern requirements of accuracy are so high 
that it would seem profitable to subject this instrument to the closest scrutiny in the 
hope that it can be refined or modified in the direction of much greater accuracy. 
In the GC, an observation of unit weight is one with a probable error of + 0°30 and 
none of the more than 200 catalogues listed in Volume 1 of the GC achieve weights 
of greater than 1 for single observations. This precision was first reached in the 
Pulkovo 1845 vertical circle observations for declination and some 45 vears later by 
a number of observatories in the right ascension co-ordinate. There have been cases of 
some recent, modest improvements: the right ascension observations for the 1936-41 
6-inch Washington transit circle yield probable errors for single observations of 
+ 0°20 over most of the sky. even at zenith distances of 50° (Warrs and AbaAms., 
1949). This improvement was undoubtedly due to the use of a superior motor-driven 
micrometer combined with a fairly long (6 observations spaced at 4-second intervals) 
time of observation on each star at its meridan passage. The declination errors 
average + 0°30 ora little worse and here we have an unusual situation in that the 
difficult moving co-ordinate is measured more precisely than the stationary co-ordin 
ate. In the case of the 1932-34 zone (—10° to —20°) observations of the 9-inch 
Washington transit circle (MoRGAN and Lyons, 1937) the situation is reversed, 
+ 0°34 in right ascension (an impersonal micrometer was not used) and 4 
declination. The latter remarkably low figure, especially for zenith distances of 50 
to 60°, was confirmed by the Yale Zone Catalogue discussion; the reasons for it 


should be of thoughtful interest to meridian observers. The value of the probable 
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error of a single observation at these zenith distances was + 0°30 in a later pro 
sramme with the same instrument (MORGAN and Scorr, 1948). 

All these quoted probable errors are larger than can be obtained from one photo 
graphic observation (+015) and even larger as compared to photographie zenith 
tube results which are of the order of + 0°10. The PZT has certain natural advant 
ages—zenith observations only and an absence of azimuth, level, collimation and 
refraction errors. It is possible to observe stars widely separated in the sky— in 
right ascension—to this high accuracy in both co-ordinates. The question naturally 
arises as to why this is not possible with transit circles for stars separated widely 
in declination—or at least in 10° zones of declination—in either co-ordinate. even in 
the zenith. The answer to this question is of basic importance if we would hope to 
achieve the precision in meridian work that we badly need as soon as possible. The 
writer's guess is that a star should be observed in its meridian passage for as long as 
a minute (see, for example, LAND, 1954 and SCHLESINGER, 1916) and. more to the 
point, a different type of observational technique should be used. The PZT uses 
photographie registration but it would appear to be better to use continuous or 
nearly continuous photoelectric guiding if such is possible. WEITBRECHT’s (1957a) 


photoelectric guider goes to 9th magnitude with an 18-inch telescope. comparable 


to6™7 witha 7-inch. A gain of a factor of 2 can be had if the star’s light is split two 


ways rather than four and undoubtedly further refinements and experimentation 
perhaps a better phototube selection—could reach 8™0 or 8™5 with a 7-inch 
Reiz (see 1955 1.4.U'. Transactions, p. 113) has successfully tested in the laboratory 
such a device for a transit circle. A move to clearer and more transparent skies would 
be helpful in getting that last half magnitude and is desirable in any case and possible 
in some cases such as the U.S. Naval Observatory instruments, for example. There 
are many problems both of construction and of observational routine that need to 
be solved for photoelectric micrometers. Once a successful solution is obtained it is 
to be hoped that its universal adoption will not emulate the incredibly slow accept 
ance of the motor-drive impersonal micrometer. 

One of the difficulties encountered is that transit circles are highly sensitive to 
both mechanical and temperature effects. An example of temperature sensitivity 
is the now-retired 9-inch Washington transit circle (MORGAN, 1906; MORGAN and 
Scorr, 1948) which nevertheless produced observations of modern precision as pre 
viously mentioned. All transit circle buildings go through the same cycle in that the 
east. south and west walls (in the northern hemisphere) are successively heated 
throughout the day—and also the roof—and this has marked daily and seasonal 
effects on the so-called instrumental constants. The walls and roof could undoubtedly 
be better protected and kept “shadowed” to reduce such systematic effects. Funda 
mental programmes, have in the past, included observations of the Sun and planets; 
the Sun is surely one of the poorest objects to observe for position that we have and 
the hope is that observations of selected asteroids may avoid the necessity of making 
solar observations. The Sun is the last object in the sky that one would want to have 
shine on a delicate instrument! Observers who may well be dubious that transit 
circle observation can be improved by factors of 2 and 3 by a change of observing 
techniques might recall the real “break-through” in the determination of lunar 
positions with the MaRKowt17z (1954) dual-rate moon camera with which the probable 
error of a single observation has been reduced by a factor of over 3, and with which 
the moon may be observed over a greater orbital arc. It may well be that planetary 
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bservations could be similarly abandoned by transit circles and observed much 
more accurately—as they should be—only by long focal-length refractors. For 
insit circles we are interested in quantities of the order of one hundredth of a 
second of are and this corresponds to only 0-02 microns on the rim of a circle of 32 
nches diameter. The builder of such an instrument must therefore scrutinize every 
detail of the desion and construction with such limits in mind. Instrument makers 
today have at their disposal materials. machines and testing techniques that were 
inknown fifty vears ago and much better and more stable instruments should be 
However. as Sir Davip GILL wrote in a letter to KApTEYN (ForBEsS. 1916): 
however perfect an instrument may be (and it is the astronomer’s business to 
it it Is pertect it is the astronomer’s further business to look upon it with 
e and utter mistrust’. Meridian astronomers should not be content with the 
rmance of their instruments until such time as they measure up to the perform 
of the PZT. at least at declinations near the zenith. It is certain that the troubles 
»in the observing methods and the instruments and are not in the “seeing except 

1) ssibly for ¢ xtremely large zenith distances. 
The GC accuracies are poor in the southern hemisphere, but would have been 
poorer vet if it had not been for the Dudley Observatory’s 1909 expedition to 
\rgentina where 60.000 meridian observations were made in one vear. lt 


known that much more astrometric effort must be put into the southern 
‘misphere work in order to reduce both accidental and systematic errors in our 
undamental system and in extension of that system to fainter objects. Even with 
of intentions and with an established working organization it takes a very 

o get an entirely new transit circle into ful 


l-time operation. For example 

vears since money was appropriated for the new 7-inch transit circle at 
Washington and 27 vears since the Greenwich 7-inch Cooke RTC was started 
Neither instrument has as vet produced published observations and may not do so 


for some vears to come. The point is that if we wish well-investigated modern transit 


circles and experienced observers in the southern he misphere the quickest and most 


direct way of supplying this need would be by a number of expeditions similar to the 
San Luis expedition. It may be that such expeditions could be planned now at some 


of the large national observatories and action taken as soon as the AGK3 programme 
observations have been completed 
The objectives of the AGK3 programme have been well stated by HECKMANN 
1954). Briefly. simultaneous transit circle and photographic coverage of the northern 
' 5° will furnish a homogeneous system of 180,000 proper motions down to 
ibout the 11th photographic magnitude and will make possible the full utilization 
of numerous older catalogues, especially of the Carte du Ciel. The annual proper 
motion probable errors derived only from a comparison with the AGK2 (1930) will 
be +0°005. In its revised form (see 1955 /.4A.U’. Transactions. p. 119) the AGK3 R 
involves 10 transit circle observations of each of about 21.000 reference stars for the 
Bergedorf plates which are 5° x 5° and have a plate scale of 1 mm 100”. Twelve 
observatories will co-operate in this ambitious plan and one might expect probable 
errors of the order of + 0°10 in the final positions. The number of stars per square 
5 times larger than for our 70.000 stars. The appropriate brighter star 
positions could usefully be incorporated into a revised G( 
It is appropriate to ask the following question: Is it feasible to increase markedly 


the accuracy of the photographic astrometry? The answer would seem to be in the 
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affirmative. The question is more ““‘How most economically?” rather than “‘Is it 
feasible?’’ The one sure and quick way to increase accuracy—with a minimum of 
measuring effort—is by increasing focal length. The Bergedorf, Yale and Cape scales 
are all about 1 mm 100”, corresponding to a focal length of 81 inches. What 
difficulties would be encountered if focal lengths 3 to 5 times longer should be used? 
These difficulties would have to do with lens optics, measuring machine and plate 
size, more numerous plates and reference stars. Consider an astrograph with a focal 
length 3 times as long (equal to 248 inches) using 24 x 24-inch plates. A 5° x 5> field 
is possible if a 21 x 21-inch area is used. If we assume that positions can be measured 
to + 1-5 microns—this requires the best optics and superior measuring equipment—a 
probable error of + 0°05 would be expected for a single measured image, provided 
seeing errors were negligible. If one used a 50 per cent overlap in both right ascension 
and declination and reversed the telescope at each observation (two images per 
plate) one might expect + 0°02 for the mean of 8 images; this high accuracy would 
be inherent in the observational material but would be attained at a later date only 
when better reference star positions became available. A repetition 60 years later 
would provide annual proper motions with probable errors of + 00005 and thus 
would provide “precise” motions for perhaps 99 per cent of our 70,000 stars. The 
measuring programme would involve measuring machines slightly larger than that 
at IBM (Lentz and BENNETT, 1954) and the new Lick machine (personal communi 
cation from Dr. VASILEVSKIs): both of these will take 17 x 17-inch plates. The plates 
would not need to be measured both direct and reversed because of the observational 
technique employed and if simultaneous measures in both co-ordinates were made as 
envisioned in the Lick machine, the measuring programme for a hemisphere could be 
completed in 3 years. If the smaller 17 x 17-inch (3-5 x 3°5) plates were used, twice 
as many plates would be needed to cover the whole sky; twice as many reference 
stars and plate solutions would also be necessary. The increased number of reference 
stars required is perhaps the most serious objection to this smaller plate size, inas 
much as plate reductions would be an electronic computer job. There would be ad 
vantages in questions of plate handling, plate distortions, and in requirements on the 
optics. 

The problem of obtaining superior optics has, historically, been a most serious one. 
The later Yale Zone observations were definitely improved (SCHLESINGER and Miss 
BARNEY, 1939) with the introduction of better objectives. a recent Yale 8-inch Ross 
lens needed aperture reduction to 4 inches (Miss BARNEY and vAN WoeRKomM, 1954) 
and the Cape lens (Stroy, 1954) was not only stopped down but the plate area was 
reduced from 5° x 5° to 4° x 4° as well. A new design effort would undoubtedly in 
crease optical performance but there are two additional approaches possible. A 
photovisual rather than a photographic objective would greatly relieve chromatic 
aberration troubles. would reduce chromatic magnification effects. would increase 
the quality of the grating images of the brighter stars and would greatly reduce 
differential refraction effects for stars of varying colours as well. A reduction in 
objective size would also help. A 3-inch photovisual telescope would require only 14 
to 2 minutes of observing time for measurable images on 8-5 visual magnitude stars, 
and about 12 minutes for stars 2 magnitudes fainter; future emulsions will be faster 
and perhaps even smaller objectives can be used. 

The advantage of having such a positional network of 70,000 stars is that. with 


proper supplementation at high galactic latitudes. it may be used as a precision 
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reference network for fainter stars. The increase in numbers of stars as we go fainter 
would point to an improvement in accuracy by increasing focal length, rather than in 
multiple observations. For a focal length of 365 inches and for 17 x 17-inch plates 
2°5 x 2°5) we might expect probable errors of the order of +0°025 for the mean 
of two images from overlapping plates. The problem of good seeing might well be a 
critical one, as would also be the problem of adequate reference stars for this small 
angular area. Larger plates giving 3°5 x 3-5 (24 « 24-inches) might be needed. The 
\bserving times for a 3-inch lens would be about 15 minutes for stars of visual magni 
tude 10-5; the measuring programme would be twice as lengthy as for the 70,000 star 
programme —still not impossibly long. A close control on magnitude effects might be 
provided through the use of a grating giving images 2 magnitudes fainter: and 
additional shorter exposures on the same plates should be considered. The total ob- 

ing time for such a hypothetical programme would be lengthy and laborious 

oh so that a site in an excellent climate with cood seeing tor each hemisphere is 

‘ated. as is photoelectric guiding for the many moderately long exposures. The 
primary purpose in obtaining such accuracy would be in making possible precision 


proper Motions for astronomers at some not too distant later epoch 


3. MAGNITUDES AND MULTICOLOURS 


\s WairrorD (1956) has pointed out in a paper on “Photoelectric Astronomy’, the 
present situation is incongruous in that “the simplest and most fundamental datum 
i star. its brightness. is often the least reliable entry 1n the catalogue’. So 

we attempted to choose 1 day the 70.000 brightest stars we might 

nisplace at least 5.000 of them. Many, if not most. present-day magnitudes are 

so poor that they are not quite good enough to use for setting the gain step of a 
photoelectric amplifier. The JOHNSON-MORGAN (1953) U-B-V system was adopted 
as the standard three-colour system by Commission 25 at the 1955 Dublin meeting 
of the International Astronomical Union. The three-colour method has proved its 
worth. especially for early-type star investigations and, for example, has been used 
with notable success DY JOHNSON (1957) in investigations of @ ilactic clusters and by 
HILTNER (1956a) in a detailed investigation of 1,259 O- and B-stars. Adequate 
standards on this system are not as yet available in the southern sky. If we would 
extend this system to oul 70.000 stars. and such extension would seem to be of first 
importance. we come face to face with a critical time problem which is also present 
in the photoelectric determination of spectral types luminosity classes. radial 
velocities and polarizations. If one makes two observations of twenty seconds each 
in each of three colours on a star. and one such on the adjoining sky in each colour. 
and needs two minutes to shift from star to star. this works out to be a rate of 12 
observations pel hour. A standard star should be observed perhaps once every two 
‘list Stars. SO that the 12 observations are effectively reduced to 8 per hour: if more 
colours than 3 are observed, the number of observations per hour is correspondingly 
reduced. We might expect an average so0od location such as at the McDonald or 


Lick Observatories—to vield. at best. 1.300 photoelectric hours each year with a 


quent 10.400 ‘list’? star observations a year. pro\ ided that one telescope were 
ited entirely to this problem. At this rate and for a total ot 2? observations per 
It we uld take a minimum of 7 years to complete halt the sky. This is perhaps 


n possibly long to devote to observations of such fundamental importance, 
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but any speed-up in observing methods would be most desirable and would make 
possible a useful extension to fainter magnitude limits. The problem has been dis 
cussed by the writer in more detail elsewhere (IRw1n, 1955) for the case of the 136,000 
brightest stars. If the best cloud-free sites in both hemispheres were chosen, and if 
the colours were observed in simultaneous fashion by means of beam-splitters or by 
defining slits in the focal plane of a spectrograph. and if modern telescope setting 
techniques were to be used to reduce time between stars to less than a minute, then 
even the larger programme, with diligent application, could be completed in some 
thing less than ten years. The observational accuracy would be of the highest. not 
only because the sites would be chosen with this in mind, but also because the 
colours would be observed simultaneously; further, the tie-in to a fundamental 
photometric system would be unusually rigorous. Simultaneous observations from 
both hemispheres would provide a useful check on the vagaries of atmospheric 
extinction. The aperture of the telescope need be 30 to 36 inches at most, although a 
smaller reflector of 20 to 24 inches would be useful for setting up a network of 
standards. Such standards should be numerous, well spaced over the whole sky and 
with a common zero point, not too bright or too faint, should include the widest 
possible colour range and should be well tested for invariability. A careful selection 
of perhaps 4,000 stars mostly in the sixth to seventh magnitude range would seem 
to be adequate, with perhaps as many as 20 observations per star necessary to pro 
vide both high accuracy and as a test of invariability. 

If such a large programme were to be attempted, serious consideration should be 
given to the addition of one or more colours and almost certainly a colour in the 
infrared at about 8,500 A would be helpful. A star’s colour depends not only on its 
temperature, but also on its luminosity, the amount and nature of interstellar 
reddening, the star’s chemical composition and perhaps even its population type. 
A fourth colour would be of prime importance in helping to disentangle these complex 
effects. The U-B-V system does not, of itself, separate giants and dwarfs in the 
numerous early K’s, for example, and Kron and his co-workers (KRON and SMITH, 
1951: Kron, GASCOIGNE and Wuire, 1953 and 1957: Kron. 1954) have shown the 
much greater usefulness of and R —I colour index in investigations of late-type stars. 
JOHNSON and SANDAGE (1956) have shown that ultraviolet anomalies in the stars in 
Messier 13 make identification of sequences dubious at this time; these anomalies 
probably carry over into the blue colour region to a limited extent and indicate the 
need for at least one other colour longward of the visual region. Finally, an infrared 
colour would help to establish magnitude scales necessary to any proper discussion 
of objective prism investigations in the infrared with Schmidt telescopes. The main 
disadvantage at the present time is that the best infrared cells are down in quantum 
efficiency by a factor of from 20 to 40 as compared to the blue cells although this 
disadvantage is partially balanced by the greater usefulness of an infrared colour 
for the redder stars and their larger energy output in this spectral region. There are 
indications (SomMMER, 1955) that more efficient infrared photocells, or perhaps even 
multiplier phototubes, are on the way. Whether or not a red colour or a second 
ultraviolet colour is needed and could be efficiently included in a long observing 
programme should also merit consideration before such a programme is started. 

Our proposed multicolour programme would provide exceptionally accurate 
magnditues and colours that would be of use in a wide variety of future problems, 
many of which cannot yet be visualized. The combination of this data with other 
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kinds of data such as accurate spectral classes, luminosities and velocities would be 
especially enlightening. Magnitude and colour data alone or combined with other 
kinds of data would vield a detailed knowledge of the extent, amount. and nature of 
interstellar reddening and absorption; it would give us large numbers of excellent 
photometric distances, even for distant stars; it would provide a superior network of 
magnitudes and colours for the whole sky; it would lead to the discovery of many 
new variables. unusual and composite stars and in general, would open up many 
new lines of research. Given two observatories, at proper locations in each hemi- 
sphere each equipped with a 24-inch and a 36-inch reflector plus appropriate acces 
sory equipment, then it is clear that a most ambitious programme could be carried 
in a relatively few years. Modern data-processing machines would be useful in 


programme stars. in ealeulating modern positions needed for telescope 


+ 


gs. in performing lengthy reductions and in setting up the catalogue for final 
tion. Their use would make possible an early publication of the results and 
id remove much of the computational drudgery and. in ceneral. the use of such 


puters makes feasible lengthy programmes of the type being considered that 


qd otherwise he almost out ot the question 


SPECTRAL TYPES AND LUMINOSITY CLASSES 


presently accepted two-dimensional spectral-luminosity classification system is 
JOHNSON and MorGAN, 1953). No attempt will be made here to 
he numerous published investigations, mostly by University of Chicago 
istronomers. which give data based on this system. Its refinement and extension to 
ur 70.000 stars would be especially fruitful if magnitudes and multicolour data 
so available for these same stars. There have been a number of recent success 
crease the precision of both spectral und luminosity class dete1 
of these are described in Volume 2 of Vistas in Astronomy 

1956: STROMGREN, 1956a: PETRIE. 1956: HEARD. 1956). Of these fou 

nly STROMGREN s involves photoelectric observations at the telescope 

our serious observing time restrictions, is therefore the only one of 

‘niques that offers possibilities of success in this mass production problem 


nethod involves photoelectric photometry with narrow-band interference 


} 
] 
I 


\n index / is obtained from filters centred on and on each side of H8: an 
uined from filters centred at 3.550 A. 4.030 A and 4.500 A. The indices 

nsensitive to interstellar reddening and somewhat insensitive to atmospheric 
ction. Linear expressions for both B-V and J/, are established from nearby 
unreddened stars with good parallaxes. For G and K stars the Hf absorption line 
the Balmer discontinuity are no longer strong features of the spectrum so that 
K-line. the G-band and cevanogen absorption near 4.200 A are used. The spectral 


age 1s not as vet complete, gaps existing at B9—-A2. GO-G6 and stars later than 


K5. A rather complete discussion of the method may be found in STROMGREN 
LQD56b ind the following data are taken from Table III of this paper. For one 
observation only and including effects of cosmical scatter, the estimated probable 
errors in W/, are: +0™3, BO-B8: +0™12, A3-A8: +017, A9-F1; +0m2, F2-F9 
5. G7-K5. The probable error ofa spectral classification averages about a 
fiftieth of a spectral class under the same conditions 


If the error in .j/,.is the dominant source of error in the determinations of distances 
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from absolute and apparent magnitudes and colour excesses—as would generally be 


the case the expected probable error in the distances from the above numbers would 
range from +6 per cent for the A3—-A8 group up to +21 per cent for the G7—-K5 
group. These errors can be reduced by (1) taking two or more observations; (2) using 
more extensive and definitive calibrations—and these would be available in a large 
observational programme; (3) using a 15 A half-width interference filter, rather than 
a 35 A filter—and this is now being done: (4) using other strong spectral features as 
additional classification indices. For example, the K-line should be most useful in the 
GO-G6 gap and perhaps in the F’s and A’s. The sodium D-lines should be useful as 
well as Hx, although current phototube sensitivities at this latter wavelength are 
usually down by more than a factor of 10. For stars later than K5, photoelectric 
spectral classification should be possible with high precision using appropriate line and 
molecular band features such as Ca I at 4.226 A and the TiO bands. Insofar as sensi 
tivity is concerned it has been possible to go to llth magnitude easily with the 
MeDonald 36-inch. One would expect up to a 4-magnitude loss for a 15 A band 
width as compared with the wide band widths normally used in photoelectric 
photometry. An 85 star would effectively become a 12™5 star; this can be ob 
served with the requisite precision with a 36-inch, especially if observations were to 
be integrated for times up to a minute. 

Another approach, which would perhaps be a more sensitive and precise modifica 
tion of the interference filter method, would be to use a series of appropriate slits 
each feeding a phototube—in the focal plane of a spectrograph. This should be a 
slitless spectrograph with large angular dispersion and a large collimator beam in 
order to minimize ouiding errors; a coudé ty pe spectrograph would seem to he most 
suitable in meeting these specifications and also because of stability and space 
considerations. Such a spectrometer (for Cassegrain operation however) is being built 
and tested at the Yerkes Observatory Kieht narrow colour regions are observed 
simultaneously and eight phototubes and eight pulse-counting units are employed 
(see. however, WEITBRECHT, 1957b). Our conclusions are that: (1) while additional 
future investigations are undoubtedly necessary. enough has been learned to indicate 
that very superior spectral and luminosity classes can be obtained over the entire 
spectral range (with the probable exception of a small percentage of peculiar o1 
unusual stars); (2) a 36-inch reflector with a coudé spectrograph and with a numbe 
of narrow colour bands observed simultaneously would be adequate at 8™5 for 
observation times of the order of one minute; (3) parallaxes could be derived fo1 
most stars with percentage accuracies of +5 to +10 per cent; (4) the computing 
and reduction problem is a relatively simple and uncomplicated one, with no addi 
tional lengthy laboratory measurements necessary. 

The SrROMGREN technique is a real “breakthrough” and with further refinements 
and extensions, needs to be vigorously exploited. Such exploitation on a large scale 
is possible only with the construction of new and somewhat elaborate instrumenta 
tion placed in optimum locations in each hemisphere. Given such instrumentation 
and data-processing aids, a programme involving two observations on each of 70,000 
stars could be completed in four or five years. The instrumentation and observing 
techniques could be made strikingly similar to that used in the magnitude and 
multicolour programme. The technique can be used in supplemental fashion to pro 
vide a wealth of valuable calibrations. For example, a few A3—A8 stars observed in 


each of all galactic clusters out to 1,000 parsecs would provide—along with the 
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requisite U-B-V photometry—excellent distance moduli and hence luminosities for 
large numbers of highly luminous stars. This would involve narrow-band photo- 
metry to 12th or 13th magnitude and this is possible if long observing times are 


used 


5. PARALLAXES 


The latest Yale Parallax Catalogue (Miss JENKINS, 1952) contains trigonometric 
parallaxes for 5.822 stars of which only about 1,760 are brighter than visual magni 
tude 8-5 and nearer than 50 parsecs. The vast majority of our 70,000 stars are over 
100 parsees distant and by no stretch of the imagination would we wish to embark 
upon a parallax observing programme for even 5 per cent of this group. A good 
trigononetric parallax requires at least 20 plates and STRAND (1956) has rightly 
urged that selected stars be reobserved with a series of 50 plates or even more 
per star. Although the long-focus telescopes used in photographic astrometry 
have objectives of moderate size, the inclusion of a section on parallaxes in this 
paper is justified only because excellent parallaxes can be photometrically derived, 
given proper calibration, through the well-known equation : ./ m,+5+5 log p-A 


u 
» 


where A, is usually taken to be about 3-0 times the colour excess on the B—V system. 
One of the main justifications for discussing possible improved observational data 
for 70,000 stars relates to the tangential velocities—and space velocities—of this 
group: a knowledge of the parallax is necessary to convert the observed proper 
motions to tangential velocities. Our of this hoped-for mass of accurate basic data 
should come both calibrations and knowledge, from which one might derive photo 
metric parallaxes to better than 10 per cent perhaps D per cent in favourable cases 
for all but the peculiar. or unusual. or most luminous. or most heavily reddened 
star's, 

Fundamental calibration data for photometric parallaxes will also undoubtedly 
come from improved trigonometric parallaxes, although it is not true, as has been 
asserted (see IRwin. 1957b). that all estimates of celestial distances are based on 
trigonometric parallaxes. For example, if one examines the parallaxes of the seven 
nearest cepheids as listed by WEAVER (1956), namely: Delta Cephei, Eta Aquilae, 
DT Cygni, Zeta Geminorum, FF Aquilae, X Sagittarii and RT Aurigae, the absolute 
trigonometric parallaxes as given in the Yale Catalogue are, respectively: 0°005 
+5. O70054+5. none given, 070044 6. 0°007+ 5, 0°028+11 and 0°006+ 4. 
with a weighted mean of 07003 + 2 (half a chance of being correct over a range of a 
factor of 5 provided the systematic errors are negligible!). For comparison, WEAVER’s 
parallaxes for these same stars, based on the period-luminosity law and the new 
distance scale, are, respectively: 0°0032, 070028, 070026, 070023, 070023. 00022 
and 00021, with a mean parallax of 0°0025. If one makes the very crude assump 


tion that each cepheid in question has a tangential velocity of 20 km/sec—a mean 


value consistent with the radial velocity data—and uses the “raw” total proper 


motions (uncorrected for solar motion) in the equation p 4:74 4/7. the calculated 
parallaxes are, respectively, for these seven cepheids: 0°0029, 070032. O”OOLO, 
0°0016, 070020, 070021 and 0°0031, results in surprisingly good individual 
agreement with WeEaveER. Two conclusions follow: (1) despite laborious efforts to 
derive the above trigonometric parallaxes such parallaxes are useless in this funda- 
mentally important calibration both individually and in the mean; (2) total proper 
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motions give surprisingly good individual parallaxes, far better than individual 
trigonometric parallaxes for such distant stars. 

The problem could well be turned around and stars at known large photometric 
distances would be valuable in checking small systematic errors in the trigonometric 
parallax system, errors that are by no means well known (see, for example, SCHILT, 
1954). More to the point, accurate photometric distances would enable parallax 
observers to sort out efficiently those stars in need of observing or reobserving. It 
may well be that all or almost all stars with accurate photometric parallaxes less 
than 0°02 should simply be ignored by parallax observers as not worth the effort 
Over 3.000 stars, or more than half of those in the Yale Catalogue, have observed 
trigonometric parallaxes less than 0°02. More and better parallaxes are obviously 
needed, especially for many nearby faint stars such as the white dwarfs and the 
subdwarfs; most of these stars are so faint that they can only be reached by large 
reflectors blessed with good skies. 

Our long-focus astrometric refractors are old instruments, having seen many 
decades of useful service. It would be surprising if the performance of most of them 
would not be markedly improved by the installation of new driving gears of the 
best modern design. A periodic error of even 0*1 amplitude is large if one is inter 
ested in systematic errors of the order of 0001. A different and possibly fruitful 
approach would be to design a mechanical-electronic gadget that would work off the 
driving shaft or gears and which would effectively compensate the systematic driving 
errors by corrections to the driving motor rate. The driving errors of a telescope can 
be nicely exhibited by means of a photoelectric photometer “looking” at an out-of 
focus stellar image which is being bisected by the edge of the diaphragm hole. An 
other and perhaps a necessary additional approach is the use of a photoelectric 
guider. Such a device has been built by WerTBREcHT (1957a), for example, and 
works effectively, using 4 photomultipliers, on stars as faint as 9th magnitude; the 
full 18}-inch beam of the Dearborn Observatory refractor is used. 

We might expect our best calibrations, however, to come both from more accurate 
moving cluster data and from really thorough investigations of a hundred or more 
calactic clusters with large reflectors. The basic calibration for the distances of the 
latter would come through knowledge of the H—R diagram correlated with both 
moving cluster and trigonometric parallax data, with some additional help from 
nearby individual stars of moderately high luminosities and measurable trigonometric 


parallaxes, 


6. RADIAL VELOCITIES 


The General Catalogue of Stellar Radial Velocities (WiILSOoN. 1953) lists the velocities 
of 15.106 stars and about 12.500 of these are brighter than visual magnitude 8-5. 
This Catalogue is the culmination of a half-century of strenuous effort in this field, 
especially by observers at the large Pacific Coast observatories. Despite such efforts, 
our knowledge of the radial velocities of stars fainter than 7th magnitude is extreme 
ly fragmentary. Stellar spectrographs are so slow and inefficient that the mass 
determination of accurate radial velocities of 70,000 stars is simply out of the 
question if conventional methods are employed. Three years ago the writer (IRWIN, 
1955) pointed out that new observational techniques might change the whole picture 
and make it possible to obtain 50 A/mm spectrograms of 9th or 10th magnitude 
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stars in a minute or two. using a moderate-size reflector. It was suggested that 


LALLEMAND’s technique might be developed to a practical point and applied to the 
problem but as H. W. Barscock (1955) pointed out, the application of image tubes 
to precision spectroscopy appears remote. He and FeLieGerr (1953. 1954a. 1954b. 
955) independently emphasized that the possibility exists of determining radial 
velocities by a radically new technique in which a single photocell is used to measure, 
is a function ol displace ment in the waveleneth-direction. the proportion of the dis- 


light which is transmitted by a suitable template placed in the foeal 


persed Star-llgn 
ane of the spectrograph. This method would utilize the high quantum efficiency of 
an analysis of radial 


? 
} 


photo-cathodes. Dr. FELLGETT’s idea arose from 
measurements from the point of view of information theory, and he has 


modern 


It\ 
suggested the name “‘radial-velocity photometer” for an instrument working in this 
way LD) BABCOCK'S proposal is that his “‘stellar template maonetometer _ might 


e modified to give stellar radial-velocities. This instrument is really the outgrowth of 


chly successful solar magnetograph (BaBcock, 1953) which operates on just 
spectrum lines and has been modified in such a way as to give solar disk veloc 


Wo 
0-01 km/see. The template is normally a con 


es with accuracies of the order of 
negative spectrogram of astar of the appropriate spectral type and is slowly 


1 accurately traversed along the spectrum. The light is transmitted by the tem 


oa phototube with the aid of a condensing lens. An a.c. method. involving 


l-amplitude oscillation of the optical spectrum, is used to locate the position 


incidence with the “live” 
The equipment has been installed at the 200-inch coudé spectro 


O1 optical spectrum of the star and this vields the 
idial velocity 
raph and illustrative results have been obtained on 5th magnitude stars (personal 


communication 
device permits utilization of the high efficiency of the photoelectric surface 
ind has the added idvantage that the effect of numerous spectrum lines are summed 
ndicato1 reading - this is exactly what is wanted. Before any large programme 
some of these have been 


} 
i 


] 


mone l 


tiated. however. many questions need to be answered 


examined in FELLGETT s above-mentioned papers. 

Exactly what kind of template is most efficient at each spectral class’? How many 
( mplates are needed to cover the entire spectral range’ What procedure is necessary 
se of double-line stars peculiar stars. composite stars and emission objects? 
be used for a given phototube / What is the 


in the ca 
How long a section of the spectrum can 
effect of a changing camera scale or a scale change due to a large velocity’ Would it 


be advantageous To use a number ot phototubes along the lenoth ot the spectrum! 


How is the cOMparison spectrum to be managed most effectively ¢ 

It is not at all clear what accuracies might be realized at different magnitudes 
except to say that they should be at least equal to those obtained by photographic 
techniques at comparable dispersions and might be markedly better. A dispersion 
of 40 A'mm should give radial velocities of most stars to 1-5 km sec. However, 
the efficiency of the template spectrograph depends on the angular dispersion and 
he diameter of the collimated beam, rather than on the linear dispersion employed, 
Here agaln. as in the 


which might be fixed once and for all at some convenient value 

‘ase 101 spectral and luminosity classifications. one would suggest a coudé spectro 
ph with its high efficiency, stability and ease of operation. 

\ sample calculation is enlightening. If we should have a 36-inch reflector feeding 

a coudé spectrograph similar to that at the 200-inch (BOWEN, 1952). except for a 


oraph 
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collimator beam 6 inches in diameter rather than 12 inches. we could obtain a dis 
persion of 39 A/mm with an 8-4 inch focal-length camera at an f/d of 1-4; the 10,000 
lines inch grating is blazed in the third-order violet. The stellar image diameter. 
with the slit removed, at the spectrograph plate (or template) in a direction parallel 
to the dispersion would be 0-013 mm for an average seeing image diameter of 2-5 
seconds of are. Inasmuch as A, the width of the slit image permissible at the plate, is 
usually set equal to 0-02 mm, this would suggest that we need not use a slit at all 
even with somewhat poorer seeing. This would have two advantages; (1) no loss of 
light at the slit and (2) small fluctuations in the image intensity. However. misguiding 


by 1 second of are would correspond to an error of 14 km/see at 4.500 A and it is 


problematical whether guiding to better than 0-1 seconds of are is possible as a 


routine thing. An automatic guider would be useful, perhaps necessary, slit or no 
slit. Although the total image intensity would be relatively constant in the case of a 
slitless device, the short-time fluctuations in the observed radial velocity due to bad 
seeing might be discouragingly large. Although a slitless device might be desirable 
for faint stars, a narrow slit admitting 40 per cent of the light—or less—would seem 
to be the answer. The fluctuating intensity of the light transmitted by the slit is not 
a critical problem in this a.c. method. The camera focal length would more con 
veniently be 4 or more times longer than as suggested above inasmuch as there are 
no particular advantages with the photoelectric approach in compressing the spec 
trum so much: and there are some obvious disadvantages with such a fast camera 
It would be advantageous in the observational routine to use only one template on 
any given night or half-night and observe only stars of one spectral class for long 
stretches of time. Some advantage might also be had in systematically observing 
bright standards every three or four observations as is usual in normal photoelectric 
routine. A small percentage of our 70,000 stars might well give anomalous velocities 
because of spectral peculiarities. 

If we estimate a magnitude loss at the slit, a 1} magnitude loss at the template 
and perhaps half a magnitude loss at the grating, then our 8-5 magnitude star would 
be comparable to an 11-5 magnitude star in normal photoelectric colour work. 
High accuracy at this magnitude is normally not a problem with efficient phototubes, 
even for observations of a fraction of a minute’s duration. We are dealing here. how 
ever, with asmall percentage effect which is being observed differentially ; the primary 
source of error should be due to the statistics of the photoelectrons. A larger tele 
scopic objective would therefore give slightly greater accuracies at the faint end of 
things. and because a narrower slit could be used. some improvement also for the 
bright stars. More definitive performance answers can be given when such a device 
has been perfected and thoroughly tested. 

Tentatively, however. we can conclude that an 8-5 magnitude star can be ob 
served by these techniques to our required “precision” standard of + 1-5 km see, 
for a one-minute observation; it may turn out to be somewhat better. The developing 
and perfecting of such a revolutionary type of instrument offers a special challenge 
in that it would make radial velocity determinations of the requisite accuracy for 
our 70,000 stars an observational effort comparable to that necessary for either 
magnitudes and multicolours, or spectral and luminosity classes, or polarizations 
for these same stars. The primary purpose in such a programme would be in the 
determination of the magnitudes and directions of the space velocities of these stars; 
of secondary interest would be the discovery of many new high-velocity stars and 
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stars of variable velocity, and also the possibility of determining many high quality 
statistical parallaxes. 
7. POLARIZATIONS 
The discovery of interstellar polarization is of such recent origin that a section on it 
could not have been included in a paper similar to this written ten years ago. 
HiILTNER (1956b) has pointed out: “At present, polarization measurements provide 
the only aecess to the observational characteristics of the magnetic fields which must 
play an important role in the structure of the Galaxy’. He further states: “The need 
for accuracy in most measurements of stellar polarization cannot be over-emphasized. 
Often the quantity to be measured is only a few hundredths of a magnitude and not 
infrequently smaller than the precision of the instrument employed”. Precision 
polarization data for large numbers of stars are needed for a variety of reasons and 
would be especially useful when combined with data on maecnitudes. colours. dis- 
tances. and spectral and luminosity types. Inasmuch as HILTNER’s paper is a useful 
summarizing discussion of the problems and possibilities in this exciting new field, 
no further discussion of this sort need be attempted here. Polarizations for 551 
lv-type stars have been published by Haut and MIKESELL (1950). for 841 stars 
by HILTNER (195la), for 450 high-luminosity stars by HILTNER (1954), and polari 
zations. U-B-V colours. and spectral and luminosity data for 1,259 O- and B-stars 


by HILTNER (1956a). There have been a variety of other. less extensive observa 


investigations but it is probable that at least 95 per cent of our 70,000 stars 
have not been observed for polarization 
The most accurate observational] technique is HILTNER'S (1951b) split beam 
differential method in which the seeing noise is “compensated”. A Wollaston prism 
separates the perpendicular planes of vibration and the outputs of two moderately 


well matched ynhototubes ire compared in a differential 


amplifier In practice. pl 
Herculis. a star of visual magnitude 3-4, was observed with an accuracy of + O™OO016 
e.). corresponding to 1 probable error of + 0-007 per cent in the polarization: this 

a 4-minute observation with the 82-inch McDonald reflector. Further 
observational results. using this technique. have not been published to the writer's 
knowledge. The method works most efficiently for brighter stars and is of equivalent 
accuracy with HILTNER’s d.c. method for stars at about tenth magnitude with the 
S?-inch. If we assume that phototubes twice as efficient as those used by HILTNER 
obtained. the performance data for l-minute observations with a 36 inch 

e caleulated on the basis that the errors are of statistical orlgin only. 


The calculated probable errors expressed in per cent are: +0-025 at 3-5 visual 
magnitude. + 0-079 at 6-0 visual magnitude. and + 0-25 at 8-5 visual magnitude 
These accuracies are at least ¢ ymparable with anything that has been published and 
should be sufficiently good for most purposes. This is one type of observation, how 

evel th if could be improved by the use of a largvel telescope or a longel observing 
time. or both, but at this time we do not know how important such super-accurate 
polarizations might be. Quantum efficiency of the phototubes used would be of 


prime importance in attaining highest accuracy. 


S$. CONCLUSIONS 


A brief recapitulation of the preceding discussions would be as follows. A revised 


and extended Boss General Catalogue of 70,000 stars would yield proper motions 
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perhaps four to five times as precise as now available, this improvement coming 
about both from a discussion of published observations and from observations that 
will shortly be, or can shortly be, made. The proper motion accuracies needed for 
stars of high luminosity are so high, however, that every effort must be made to 
improve our astrometrical techniques for these brighter stars by substantial 
amounts as soon as possible. There are reasons to think that such “‘breakthroughs”’ 
are possible, perhaps by using phototubes on transit circles in the case of funda 
mental observations and by using wide-angle photovisual astrographs of much 
longer focal length in the case of differential observations. Of perhaps even more 
immediate concern would be the obtaining of multicolour data for these 70.000 stars: 
these basic data are not known for even the majority of stars brighter thin sixth 
magnitude. One additional colour in the infrared—-at least—should be added to the 
JOHNSON-MoORGAN U-B-V System. The SrROMGREN techniques, suitably extended to 
stars of all spectral classes, would give spectral types and luminosities of a new 
order of precision. These, combined with the multicolour information and with 
appropriate calibration, would yield very high quality photometric distances. The 
FELLGETT-BABcock photoelectric template technique should be applicable to the 
mass determination of high-quality radial velocities with short observing times per 
star and should greatly simplify and shorten reduction procedures. The HILTNER 
split-beam technique would give accurate polarizations at 8™5 and would yield 
accuracies ten times as large for stars 5 magnitudes brighter. Only in this kind of 
observation and in the radial velocity case might we expect any considerable im 
provement in accuracy by going to reflectors larger than 36 inches in diameter. 
The obvious conclusion arising out of these discussions is that, despite lengthy 
and strenuous past efforts, our basic knowledge of the brighter stars is extremely 
limited and could be—and should be—vastly improved; and that such improvement 
in knowledge could be obtained, with proper effort, in the next decade or two. The 
reason for this is, for the most part. due to the development of efficient multiplier 
phototubes which, when substituted for the photographie plate, can simultaneously 
speed up and sharpen up most of the kinds of observations that have been discussed. 
The substitution of the phototube for the photographic plate brings with it a funda- 
mental shift of emphasis in the sense that most of the work must be done at the 
telescope at night—star by star—rather than with some measuring machine during 
the day. This in turn requires the location of observatories in regions as free of 


clouds and haze as possible, that is, in dust-free arid or semi-arid regions. Such a 


‘photoelectric observatory’ has been discussed by the writer (IRwry, 1952), with 


special emphasis on possibilities in the southwestern United States; but other places 
in the northern hemisphere such as in Spain or in North Africa or in the U.S.S.R. 
might well qualify. The southern hemisphere is even more important (IRWIN, 1957a; 
Irwin and VELGHE, 1957) and there are excellent site possibilities in north-central 
Chile. South and Southwest Africa and perhaps in Australia and New Zealand. Quality 
of seeing is only of minor importance in photoelectric observations of bright stars, 
or even of stars some 5 magnitudes fainter than our limit of 8™5, and this fact 
drastically simplifies the problem of site selection. 

A really good site might well have 200 to 250 cloud-free, dust-free nights a year 
and we might therefore expect some 2,000 “photoelectric” hours a year as a con- 
servative minimum. In each of the four kinds of photoelectric observations that we 
have considered, proper instrumentation should keep the observational time per 
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star to less than 1} minutes; and with one minute to shift from star to star. some 
24 observations an hour are possible. One third of these might be ‘‘standards”’ so that 
‘list’ star observations a year would be possible with proper applica 


al of 32.000 ° 
ind an adequate number of observers and assistants. At two observations a 


tio! 
“cleaned up’ in just over two years; a more conserva 


star. one hemisphere would be 
and realistic estimate might be 4 or 5 vears of observing in each of the four 
This is a surprisingly short time and is strongly 
observing programme. A 


(1) a 24-ineh re 


ories in each hemisphere 
indicative of the feasibility ot completing such 
photoelectric observatory might have three instruments: 
magnitude and colour standards: (2) a 36-inch reflector for magnitudes 
ng with polarizations; (3) another 
with radial velocities. Such an observatory could be estab 


categ 


a large 


typical 
| 36-inch reflector for spectral and 


colours alo 
luminosity classes along 
ished and put into full operation in a much shorter time than is necessary to com 
ve reflector installation. No lengthy seeing tests are necessary and 36-inch 
eflectol ire relatively easy to construct and fioure 


plete 


So much pioneering work would be possible at such an observatory—for example 
ind variable star investigations—over and above the demands of 


hh Oe ustel 
basic observational programmes even larger than those outlined here. that a photo 
“stand on its own feet’ ind might well be of decisive 


] 
largvel observatories and in 


torv could easily 
observational programmes 


very expensive rel 


uiding 
tors both more efficient and 


the world today of the 


in observatory Vet 


itions WI ec 


ful. There are no photoelectric observatories in 


rsuch 


ve | nor adoes the writel know Ot any plans I< 
reh possibilities for one are it should be only a matter of time 
Photoelectric sites be useful for astrometric 


not only because only the nights Ol top seeing chosen from a large 
nts need he used hut also because elt! ter stars could he ob 
ter exposures could be made at a given n nitude level as com 
itmospheres 


is with hazie1 
ts ability to change starlight efficiently to mor 


ible and measui - electricity. should not be the vy reason for a 
attitude towards lenothy and laborious observational programmes 
processil ichines employing electronic computers are now fairly 
ind would not only remove much of the drud issociated with such 
past but would also greatly speed 1 publication of results 


} 


COMMNO 


mes in the 
n setting up an obsery 


O the stars and in 


provram 

ao are ee: 

Furthermore. such computers would be of inestimable 

ing provera invol sr tens of thousands of stars. bot] 

providing modern positions te enough for circle sett 
] 


The point of view taken 


made 


h has been that all the necessary 1n 
O Improve our ky owledge Ol stellar motions. especially in connection with 
l but this is only a p rt of T3 ss not the most 


] 
oraer T 
evolution: 


basic data 


lems of stellar 


The greatest Importance of such 


ortant part treasure chest of 
ild almost certainly be in new discoveries or in solution of new problems that 
do not know of today it all. The technological breakthrough of the multiplier 
tube would make such a large observational effort timely in the sense that 


¢ the possibility of a space station, further great improvements in accuracy 
1 seem somewhat remote. It is also timely because the next few years will see the 


ryt 
nt 


») full-scale operation of a number of large reflectors such as the Lick 
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120-inch, the Canberra 74-inch, the European 120-inch in South Africa, the National 
Astronomical Observatory’s 80-inch in Arizona, and perhaps something even larger 
that 200 inches both in Arizona and in the U.S.S.R. These large, expensive reflectors 
build upon and make use of knowledge obtained with smaller instruments. The cost 
of even a pair of photoelectric observatories would be substantially less than for the 
Lick 120-inech or the National Astronomical Observatory and such photoelectric 
observatories could be built and the four extensive photoelectric programmes com 
pleted in the time it would take to put into operation a large reflector such as the 
120-inch. 

Piecemeal, all these data for 70,000 stars might take a century or more to obtain 
and the results would neither be as homogeneous nor as accurate as if mass pro 
duction methods were to be employed for the next decade or two under optimum 
conditions. Astronomers are obviously going to obtain this data at some indefinite 
future date: it would seem to be sensible to meet the challenge at once and get on 


with the job, now that the tools are at hand 
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Multiple Colour Photometry 


GERALD E. Kron 


Lick Observator’ 


Multiple colour photometry is discussed hist« 
bibli graph ies are given. Demonstrations of some 


met ire given, with emphasis placed on the inf 


temperatures by means of multiple colour photomet 


MuttirLe colour photometry is a natural outgrowth of simple photometry and 
two-colour photometry, both of which have a very long history of application to the 
problems of observational astronomy. The extension of photometric technique to 
many colours is a reasonable consequence of the often incorrect primitive philosophy 
of abundance: if a little is good. a lot must must be better. 

Simple stellar photometry has been practiced since the time Hipparcuus graded 
stars according to their brightness, about 130 B.c. Photometry in two colours 
apparently started in earnest when SECCHI, in 1852, compared the colours of stars 
with the colours of certain emission lines in comparison spectra, a procedure that 
was greatly improved by CHANDLER who, 33 years later, employed a colour filter to 
reduce the subjectivity of eye estimates of colour. The first useful published multiple 
colour photometry, by E. Oprk who used photographic methods, followed in 1925 


after the lapse of an additional 37 years. After Oprk’s work, new events crowded 


together in the rapidly accelerating pace so characteristic of technical developments 


in the last few decades. 


INTRODUCTION 


Spectrophotometric investigations have shown that star light is black-body 
radiation of the temperature of the star, modified by certain complex absorption 
features. The absorption effects, of which the well known “Balmer jump” (for 
example, C. S. Yt, 1926) is an outstanding example, originate in the stellar atmos 
phere. and are characteristic of this medium. Generally, the departures from black 
body radiation are small. An observer finds that a smooth relation exists between 
the colour differences for single unreddened stars and their temperatures, or spectral 
types. Consequently, colorimetric methods have long been used for detecting and 
measuring the effects of the selective absorption of light by interstellar material. 

Generally speaking, it is the exploitation of departures from black-body radiation 
that forms one of the major fields for the application of multiple colour photometry. 
It is possible to investigate phenomena associated with stellar temperature, lumin 
osity. space reddening, and multiplicity. Colorimetric methods have their greatest 
effectiveness when combined with spectrographic data. However, an interesting 
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{ for future development lies in perfecting methods for separating stellar para- 
meters by means of colorimetric methods alone, for colorimetry can be employed 
on fainter objects than spectroscopy. To gain such ends, it may be necessary to 
depend upon an increase in the multiplicity of the colours, for it is by such means 
at the observer can gain the added observational information needed to solve 
problems of increased complexity. 


2. GENERAL REMARKS ON COLORIMETRY 


The term colorimetry is reserved to describe measurements of the brightness of a 


mi rce in more than one discrete, reproducible, spectral region. In astro- 
expressed in magnitudes from some arbitrary zero point, 
where } is the magnitude 


nv. the brightnesses are 
colour difference” is the algebraic difference ()—,) 


relatively short wavelength and ¢ is the magnitude in a relatively long wavelength. 
Phe Colour Index is a specifix colour difference formed by subtracting the visual 
isnitude from the photographic magnitude. Spectrophotometry differs from 


colorimetry in being either a continuous run of intensity measures with waveleneth. 
least a verv large number of measures of narrow bandwidth. closely spaced in 


or at 


oth. The methods and many ot the applications ol spectrophotometry have 
W. M. H. Greaves (1948). The spectral regions used in 


en lucidly deseribed by 
wide—several hundred to 


astronomical colorimetry are usually 
for the purpose of making the fullest use of the 


veneral purpose 
a thousand angstroms 


nt light. as well as for smoothing the effects of the line structure of the 


The spectral regions can be isolated by means of the prism the grat 


ing by ingenious related methods such as TIKHOFF’s (1916) use of the usually 
indesirable chromatic effects of the lens of a refracting telescope. By far the most 


common method, however, is by the use of ordinary glass transmission filters. Such 
_and their manu 


are cheap. readily avail: 


rive cood economy ol ligh they 
well that the reproducibility is good. Coming 


facturers control their properties so 
into use also are filters in which the optical effects of multiple-laver interference 
films are emploved to get band pass or band rejection effects. with good sharp cut 
off and good economy of light. All filters must be used with careful attention to 


light leaks in spectral regions where the light receiver may be sensitive. but where the 
ter transmission properties may be unknown or not carefully controlled by the 


4°] 
| 


il 


manufacturer. It is sometimes necessary to combine filters of various properties to 
uin needed transmission characteristics 

The development of multiple colour photometry was long hindered by a lack of 
appropriate light sensitive devices, or light receivers as they are sometimes called. 


The eve is. of course. almost useless for the purpose, and the old potassium hydride 


photocell. though free of the PURKINJE effect, had too narrow a region of spectral 


sensitivity to be useful for more than two-colour photometry. It was the introduction 

photographic plates sensitive to wide spectral ranges, and the application of the 
'sO-Ag and the alloy (Sb-Cs) photosurfaces that made practicable routine multiple 
colour photometry. In still more recent times, the lead sulphide photoconductive 
the sermanium photo-transistor have made possible measurements in spec 
tral regions beyond 1 micron, where transmission “windows” exist in the atmosphere 
of the earth. and where the photographic plate is insensitive. 


The so-called “photometric systems” result from measurements in which the zero 


=5 
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points and scales of each colour have been carefully defined and standardized usually 
by means of stellar standards of colour and brightness. Such systems can be repro 

duced by observers with equipment different from the original, and hence observa 

tions that can be compared directly with originals can be made at later dates. A 
given system cannot be reproduced with absolute precision; filters, light receivers, 
and telescopes differ among themselves too much for this. It has been found, however, 
that a given observational system can be reduced empirically to a given standard 
system with high precision, provided certain precautions are observed. Generally, 
the wavelengths of the colours should be reproduced with fair precision, by employ 

ing filters and light receivers similar to those used in the original system. If photo 
metric measures made with a CsO-Ag photocell must be reproduced, it is sometimes 
necessary to modify filters by experimental reference to the standards, until the 
observations themselves indicate that a satisfactory copy of the original system has 


been obtained. 


3. BIBLIOGRAPHICAL 


In 1925, EK. OprkK (1925) published a list of over 100 stars whose magnitudes he had 


measured on a violet-blue-vellow photometric system. The observations were made 


with two kinds of photographie plates with TrkHOv’s method. Oprk showed that 


either of the colour differences violet minus blue or blue minus yellow gave good 
separation of giant from dwarf stars when plotted against the Mt. Wilson spectral 
data. His success in making this separation by means of his colour differences alone, 
however. was limited. 

JOHN S. Haut (1934) published a list of three colour photometry of 347 stars. 
Measurements were made with a CsO-Ag photocell refrigerated with solid carbon 
dioxide, employed first with no filter, and then with two different kinds of red filter. 
The three colours were not well defined, and so this pioneering effort was noteworthy 
mainly for calling attention to Hall's initial use of refrigeration for reducing the 
dark noise of photoelectric receivers, a technique of great value that is still in use. 

W. Becker (1938) gave impetus to the pursuit of multiple colour photometry 
when in 1938 he showed how three-colour photometry could be used on stars to 
separate thermal from spacing reddening, thereby paving the way for a new approach 
to the problem of determining colour excesses. Later, BECKER and STEINLIN (1956) 
showed that stars having known or equal reddening could be separated according 
to luminosity class, provided that they were of late spectral type, and provided that 
one of the three colours of the photometry lay in the red spectral region. BacKER, 
and BecKER and STEINLIN employed photographic photometry with transmission 
filters, and applied themselves to the investigation by means of colour measurements 
alone, of fields of stars too faint for slit spectroscopy. 

Hav (1941) published a list of photometric measures of 67 stars, called by him 
spectrophotometry. Although the separation of the colours was obtained by means 
of a grating and a slit, as in spectrophotometry, the spectral regions were rather 
wide (about 500 A), and the results were published as a series of measurements in 
thirteen discrete spectral regions from 4560 to 10,320 A for each star, as in colori- 
metry. The results are of interest here because they can be considered as equivalent 
to multiple colour photometry of photoelectric precision with the colours delineated 
with sharp cuts. Besides their usefulness in themselves, HALL’s results can be used 
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to test wide band filter systems for effects thought to be caused by the properties of 


Probably the most versatile of the multiple colour systems is the six-colour 


photometry of Srepsrys and Wuitrorp (1943). This photoelectric photometry is 
based upon the use of the CsO-Ag photoemissive surface employed with a series of 
compound glass transmission filters. The CsO-Ag photocathode must have sensitivity 
out to about 12,000 A; cathodes with this property can usually be found by selection. 
The designers of the six-colour system adopted two principles that were new to wide 
band photometry. First. the filters were designed so that the effects of the Balmer 
disco} tinuity were confined to the ultraviolet filter alone. and were absent from all 
others. Second, the spacing and bandwidths of the filters were approximately uni 
form in 1 A instead of in A, thereby putting the spacing on a quantum energy basis, 
und giving the various intervals about equal physical resolving power. The effective 
velenoths of the six colours range from about 3500 A for the ultraviolet through 
0.300 A for the infrared. The colours were isolated by means of seven filters 

ally. the seventh filter being for the purpose of measuring the infrared leak 
ll ultraviolet glass transmission filters have. During the last few years an 


filter has been used at the Lick Observatory that closes the infrared 


iolet fil 


eak with an aqueous solution of copper sulph ite (STEBBINS and Kron. 1957). The 


published observations on the six-colour system include lists totalling 409 stars 
STEBBINS and WHITFORD, 1945; STEBBINS and KRon, 1956), complete light curves 
r five intrinsic variable stars including three Cepheids. one cluster type variable 
Beta CMa type variable. Subjects covered range from a determination of the 
of selective absorption by interstellar material to the measurement of 
und magnitude of the Sun. A complete bibliography of published six-colour 
ymetry Is given 1n the table of references of the present paper. Unpublished as 
e data on the colour temperature of the Sun and stars. and new measurements 
supergiant stars including many cepheid variables 
BrECKER (1946) proposed a complete reform of astronomical photometry based 
upon a four colour system ot photographic ph tTometry The effective waveleneoths 
of BECKER's four spectral regions were approximately 3600, 4200, 4800, and 6400 A. 
v using glass transmission filters with two different kinds of photographic 
‘he 4200 A colour was rendered free of the effects of the Balmer absorption 
emploving a Schott GG-13 filter. as used in the six-colour photoelectric photo 


metry and later in the three-colour photoelectric phot yme«try of JOHNSON and 
and MorGan. BECKER'S published magnitudes included new measurements of an 
adequate list of 66 Polar Sequence stars measured in five colours, the fifth being a 
phot Visual at approximately 5600 A. In addition magnitudes are elven in three 
colours for stars in the central regions of Selected Areas Nos. 19 and 89. A list of 
measures on 146 stars in NGC 7654 is also given in terms of the magnitude at 4800 A 
and fow colour-differences This work ol Br KER S Was apparently ahead of its 
time It Is becoming increasingly evl lent that enduring st yndards of stellar photo 
metry will have to be based on multicolour photometry of at least four, and possibly 
more colours, and that in assigning wavelength regions some compromise will have 


to be made between the demands of astrophysics and the traditional magnitude 
Systems 
The three-colour UU. B, V photometric system of JOHNSON and MorGAN (1953), 


purpose type of photoelectric photometry, employs the very sensitive 


a oeneral 
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Sb-Cs photosurface found in the 1P21 RCA multiplier and others, with glass absorp- 
tion filters. The three colours are at effective wavelengths of approximately 3600, 


4300 and 5500 A. The 5500 A magnitudes are the basis for a magnitude system 


adjusted to the International Photovisual. The colour differences (U—B) and (B-V) 
are made equal to zero for AOV stars and are +1-01 mag. for KOIII stars. The 
system is adequately standardized in a list of 290 stars of all luminosity classes. 
spectral types, and a wide range of reddening. ‘the effects of the Balmer absorption 
are confined to the ultraviolet colour along by appropriate selection of filters,which 
makes it impossible to place the blue magnitudes on the International Photographic 
system without resort to a non-linear transformation. The designers of the U’, B, V 
system therefore abandoned entirely the traditional photographic system. The 
U’, V, B system has been used vigorously by its designers and by other observers for 
solving problems in many fields of astronomy, but the chief application has been 
to the study of the stars in clusters. Many valuable observations have been published 
on this system, and the complete bibliography is a long one. Chief among the pub- 
lished magnitudes of general interest is the original list of standards of known 
spectral types (JOHNSON and MorGan, 1953) and the long list of 1.259 O and B stars 
by HintNer (1956) with U, B, V photometry, polarization data, and spectral types 
based on slit spectroscopy. 

An interesting and useful list of measures in six colours has been published by 
WooLLEY, GASCOIGNE, and A. DE VAUCOULEURS (1955). These data, published in 
the form of magnitudes in each colour, are representative of narrow band photo 
graphic photometry, quite similar to HALL’s photoelectric work. The effective wave 
leneths are at 4050, 4250, 4550, 4954, 5980 and 6360 A. Magnitudes are available 
for 85 southern hemisphere stars. Colour differences computed from the data corre 
late well with available photoelectric colour differences. 

A three-colour photometric system of blue, yellow, and infrared has been developed 
at the Lick Observatory. The system, designated by P, V, I has some features in 
common with the JoHNsON and MoRGAN system. The yellow (V) magnitudes are 
adjusted to the International Photovisual, so that these magnitudes may be com- 
pared with equivalent ones by other observers without transformation. The blue 
(P) colour is obtained with a filter that removes effects of the Balmer absorption. 
The blue magnitudes are adjusted to be a compromise fitted to the International 
Photographic, so that the P magnitudes can be compared directly with photographic 
magnitudes by other observers with a minimum of systematic error. The compromise 
is the same as the one adopted by O. J. EGGEN (1955) in his extensive two-colour 
photometry. The third colour, the infrared (J), is adjusted to be on the infrared 
system of Kron, WuItre, and GASCOIGNE (1953), with an effective wavelength of 
about 8250 A. There are as yet no published results with this system, but it has been 
used extensively by Kron and MAYALL in a programme of the integrated magni- 
tudes of star clusters, now being prepared for publication. This three-colour photo- 
metry has made possible the measurement of colour excesses for globular clusters, 
and has given some indication concerning apparent intrinsic differences among 
globular clusters, especially for clusters found in different galaxies. Also, it has 
enabled the establishment of criteria for the separation of open clusters from globular 
clusters, useful when other means fail, as in distant galaxies. This three-colour 
system shares with other systems having a colour in the longer wavelengths the 
property of being sensitive to luminosity differences among the late-type stars, as 
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deseribed by BECKER and Strerniin (1956): hence. under certain favourable con- 


ditions it can be used to distinguish luminosity of stars. 


4. DETACHED MULTIPLE COLOUR SYSTEMS 


When multiple colour photometric measurements are made, magnitudes in the 
various spectral regions are usually measured at one time, or as nearly at one time 
as possible. and with one light receiver. Although this method yields colour differ- 
ences of highest accuracy, it is quite possible to construct multiple colour systems 
from observations that have been made in various spectral regions at different times 
with different receivers. Accuracy can be quite good if the separate measurements 
are made with careful reference to standards, and provided that the objects meas 
ured do not vary significantly. A good example of the use of a detached colour 
scheme is in the literature. In his investigation of the interstellar absorption charac- 
teristic. A. E. WxHiTrorD (1948) required a very long colour base line, longer than 
that afforded even by the six-colour system. Although the photocell employed in 
the six-colour photometry is not sensitive beyond 12,000 A, Wuirrorp added an 
observed point at 22.000 A by making separate observations with a lead sulphide 
cell and combining them with regular six-colour observations. Likewise. KRON and 
MayALuL obtained an infrared measurement for some of the star clusters in M 31; 
here, magnitudes in P and V could be obtained only with a blue sensitive receiver 
like the 1P21. The infrared magnitudes were obtained separately with an infrared 
sensitive multiplier supplied by A. LALLEMAND of the Paris Observatory, thus 
completing the P, V, I three-colour system. The construction of a multiple colour 
system from detached measurements may not represent the best possible technique, 
but it is useful because sometimes it does permit the observer to make measurements, 
that otherwise might be impossible, and could conceivably sometimes allow the use 
of data already on hand as a substitute for making new observations. This possibility 
is illustrated in Fig. 1, where values of (B—V) from JOHNSON and HarRRIs (1954) are 
plotted as ordinates against (V’—IJ) from JOHNSON and Harris’ values of V and 
Kron, WHITE, and GASCOIGNE’s (1953) values of I, plotted as abcissae, for some 
stars in common with both sets of data. Clearly, this artificially constructed three- 
colour photometry shows ability to separate late type unreddened giants from late 


type unreddened dwarf stars. 


5. SOME PROPERTIES OF MULTIPLE COLOUR PHOTOMETRY 


The six-colour photometry is particularly advantageous for the demonstration 
of the properties of multiple colour systems owing to the number of colours available, 
the wide range of wavelength covered, and the large and versatile lists of measure 
ments available in the six-colour publications. In any multiple colour system, where 
nis the number of colours, colour differences in the number n(n—1)/2 can be formed. 
For the six-colour photometry, no less than 15 colour differences are inherent in the 
data. For the present demonstration we will form the two colour differences (V—B) 
and (R-I). The U colour will not be used, partly because of the complications of the 
thermal loci of stars caused by the Balmer absorption, partly because the properties 
of a multiple colour system containing the ultraviolet have already been demon- 
strated thoroughly by JoHNson and MorGan (1953). The colour differences here 
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adopted have been chosen because they give a maximum discrimination between 
stellar thermal and reddening loci for a system not including the ultraviolet, and also 
a maximum separation of the luminosity classes for the stars of later spectral types. 
The loci in Fig. 2 result from plotting all data on stars available in previous papers. 
as well as some unpublished data on supergiant stars, and a small amount of un 
published data for high velocity dwarf stars. The composite diagram is, of course. 
quite complex. One cannot enter into it data from just any star, and expect to inter 
pret the results unambiguously. If one has some knowledge, however, much can be 
learned in addition. The interpretation for the OB stars is simple, as the thermal loci 


1. Plot of three-colour photometric data for giant and dwarf stars, showing separation of 
the luminosity classes for stars of late spectral type 


are apparently the same for all luminosity classes. The plotted observed point may 
be moved parallel to the reddening locus until it lies on the OB sequence in the place 


appropriate to its spectral type, which must be known. The displacements on the 


two axes represent the colour excesses in the two-colour difference systems employed 
here. A calibration has shown that the (V—B) colour difference can be transformed 
to the base line of the International Colour Index for the transformation of colour 
excesses simply by multiplying by the factor 1-8. Some OB stars in the six-colour 
publications are common with those in HILTNER’s (1956) long list that includes 
his derivations of colour excess, and colour excesses derived from the six-colour 
data by the process just described are in good agreement. Inasmuch as few known 
dwarf stars are appreciably reddened, Fig. 2 may be used to separate main sequence 
dwarf stars from the high velocity dwarfs, which have different properties, as has 
long been known. Velocity alone, though, is not always a reliable criterion of the more 
interesting physical properties that distinguish these two kinds of dwarf, and the 
luminosity criterion is not useful unless an accurate parallax is available. However, 
the good separation of the normal and high velocity dwarf branches of the curves of 
Fig. 2 show how well this multiple colour photometry can perform a separation, 
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except near the intersection of the two curves near (V—B) 0-4 and (R-I) 0-5, 
The widening of the plot for the A-type stars is caused partly by the effects of a 
scatter caused by varying degrees of metallicity among the dwarf stars, and may also 
have its origin partly in the Paschen absorption which has a small effect on the R 
colour of the six-colour photometry (STEBBINS and Kron, 1956). 

In Fig. 3. for the sake of simplicity, only the thermal locus for supergiant stars is 


shown, along with plotted observed points for a variety of interesting objects. The 


path in this diagram of the Cepheid variable 7 Agql (STEBBINS, Kron, and SMITH, 
1952) is plotted to demonstrate some properties. If the variable is assumed to be a 


normal class Ib supergiant at miniumm, then its colour excess may be determined 
at once by translating the observations along a reddening locus until they lie on the 


—O-2 


al single stars on a three | 
etry of STEBBINS and WHITFORD 


reddening locus is indicated 


thermal locus; multiplying the necessary displacement in (V—B) of 0-10 mag. by 1-8 
gives BE 0-18 mag. Plotted also in Fig. 3 are the data for the heavily reddened 
supergiant HD 187238. a star of spectral description K3lab according to BIbDELMAN 
(1957). The present analysis indicates that this star has a colour excess of 0-76 mag. 
The behaviour of a double star is indicated by the plotted point of the data for the 
well-known eclipsing binary ¢ Aur. If the plotted point for this star is brought down 
to the thermal loci. it intersects at about F5. Unless much is known about the 
components of a double star, the colour plot of the type shown in Fig. 3 yields little 
information of value. Double stars always plot to the right of the thermal loci, so that 
the effects of their composite character can lead one to think they are reddened 
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single stars unless spectrographie data are available for revealing the true state of 
affairs. Very useful information can be obtained from multiple colour data however. 
for highly composite objects like globular clusters. Data for six globular clusters 
are plotted (STEBBINS, 1950) in Fig. 3. SrepsBins did not give violet measurements 
for the three very red clusters, but I derived approximate values for them from 
unpublished three-colour measures by Kron and Maya. Three clusters, NGC 6205, 
6341. and 7089 are known to be reddened little or not at all (Arp. 1955). while the 
other three, NGC 6440, 6553, and 6760 are much reddened. The plot indicates sur 
prisingly little spread from intrinsic differences among the clusters. If the displace 
ment between the two groups of clusters is entirely caused by reddening, the colour 


excess can be determined from Fig. 3 to be 1-0 mag. mean for the group of three 


reddened clusters. 


data for a numbet 


locus from A5 to K5,. w lots of three-colour 


esting objects. Photon as in Fig. 2 

When much data for a given class of objects are plotted on a diagram like Fig. 2 
or Fig. 3, there is usually evidence of considerable scatter; that is, a star of given 
spectral type and known luminosity class cannot always be brought down a reddening 


locus to a satisfactory intersection with the appropriate thermal locus at the given 


spectral type. Some of this scatter no doubt is experimental error in the photometric 


and spectrographic data. Of the experimental data, possibly the one known with least 
precision is the luminosity class, and one might expect to be able by means of photo 
metric methods to measure luminosity among the late type stars with fair precision. 
Such an accomplishment, however, would depend upon the assumption that multiple 
colour diagrams would be scatter-free if the experimental data were free of error, 


and. in any event, the precision of any kind of information obtained by the use of a 
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diagram like Fig. 3 would naturally be reduced by the presence of intrinsic scatter 
in the photometric data. In a comparison between two sets of colour difference data 
believed to be of high accuracy, Kron. GASCOIGNE and WuriteE (1957) found an 
apparent real lack of high correlation of the colour differences, even though the test 
stars were selected for a high degree of homogeneity in luminosity category. 

A possibility ol separating the effects of luminosity from those of reddening by 
means of multiple colour photometry without the help of spectroscopy lies in em 
more than three colours. The ultraviolet colour as a component of a three- 


ploving 
colour system gives great sensitivity to reddening, but relatively little to luminosity. 
On the other hand. systems involving the infrared give enhanced sensitivity to 
uminosity. at least for stars of spectral type later than about GO. Statistically, of 
course. one can separate luminosity classes by means of three-colour photometry for 
arge masses of evidence without spectrographic data, for stars in regions of the sky 


where reddening may be expected to be absent or uniform, as has been shown by 
BeckER and STEINLIN (1956). The general problem for a specific single normal star 
may be at least partly solved by means of forming three colour differences from. say, 
the six-colour photometry. On a three-axis co-ordinate system, the colour differences 
U-V \—B). and (R-I) were plotted on respectively the Z, ¥.and X axes, for a 
number of representative stars found in the six-colour data. In this three-dimensional 
diagram. the mean unreddened thermal loci are space curves, and the displacement 
caused by reddening takes place on a surface of which the thermal locus is an edge 
Luminosity differences show themselves among unreddened stars as a preference for 

-d points to lie on or between thermal loci of one or another mean luminosity 


class. The plotted points for stars that have reddening are in or near surfaces. each 


surface representing a mean luminosity class populated by the data of stars of various 


lecrees of thermal and space reddening When a three-dimensional plot of the type 
just described is constructed on a flat surface. it is found to be very complex, and 
difficult to interpret. especially if the observer happens to be looking endwise down 


one of the space curves. and therefore sees it in such unfavourable perspective that 


at least one additional diagram emploving a different proyection must be constructed. 
Its complexity prevented a critical Interpretation of an experimental plot. but the 
pilot did olive encouragement Indications were that four-colour data properly Cx 
hibited may constitute an effective method for classifying single stars over sufficiently 


wide ranges of reddening. spectral tvpe. and luminosity. to be useful. 


6. COLOUR TEMPERATURES 


The temperature ot a body of known radiating properties can be measured by 


comparison with a standard of known temperature by means of a_ two-colour 
measurement. When this process is applied to stars, it is found that the properties 


of stellar radiation are so complex that the determination of a colour temperature 


is better done by means of a more comprehensive type of photometry. The effects of 
irregularities of stellar radiation in comparison with black body radiation can be 
better appraised and averaged if the sampling of radiation is done in many wave 
lenoths. A spectrophotometric approach is probably the best. but it is tedious. 
Multiple colour photometry can be used effectively. especially if there are many 
colours and if the inclusive colour base line is long. 

STEBBINS and Kron (1957) have recently measured the colour of the Sun by 
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means of the six-colour photometry, and have at the same time compared the Sun 
with a standard tungsten lamp (Fig. 4). This general procedure has been used many 
times for determining colour temperatures of stars (for example, H. K1ENLE, 1930), 
but not photoelectrically with a colour system as suitable as the six-colour one. The 
comparison between standard lamp and unknown can be interpreted as temperature 
of the unknown only if the temperature of the standard is known. and if the effective 
wavelengths of the colour regions are known for both standard and unknown. be 
cause the wide spectral regions of multicolour photometry produce shifts in effective 
wavelength with the colour of the observed object. The temperature of the standard 
and the effective wavelengths of the colour regions are quantities difficult to deter 


mine. Generally, effective wavelengths are found by observing with the photometer 


ot of six-colour photometri data for a lack body, the Sun, and a hot star. showing 


range of colour and shifts in the effective inve »-wavelengths of the six colours 

a light source of known relative intensity with wavelength through the filters. The 
method often used is to pass light from a tungsten filament through a monochromator, 
and calibrate the emergent light in intensity units by means of a thermopile whose 
receiver is assumed to be black. If the receiver is not black, no serious error will be 
made in determining effective wavelength unless the function expressing departure 
from blackness has within it sharp curvatures or discontinuities, an unlikely possi 


bility in the range of the optical spectrum that is passed by the main transmission 
band of the atmosphere of the Earth. The measurement is particularly difficult in 
the ultraviolet colour region, owing to the low intensity of tungsten radiation here; 


however, good measurements are possible in the six-colour ultraviolet, as well as in 
the rest of the required wavelength regions. Observations on the now calibrated 
light from the monochromator are then made in many wavelengths with the stellar 
photometer, through each filter of the colour system. The thermopile calibration of 
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the monochromator light makes possible the calculation of sensitivity curves for 
each colour of the astronomical photometer, as if observations had been made on a 
light source of uniform intensity with wavelength. Such a fictitious light source is 
usually called an “‘equi-energy source. With these data available. the rest is straight 
forward, though tedious. For any light source of known or approximately known 
spectral content. effective wavelength can be calculated for each filter-cell combina 
tion by means of a mechanical integration process; refined work should also inciude 
the effects of the spectral transmission of the astronomical telescope and of the 
atmosphere of the Earth when necessary. For the purpose of the effective wave 


lenoth calculation. the spectral content of the light from most stars can be determined 


vccurately enough by assuming a temperature based upon the spectral type and 


and assuming black body radiation. 


‘he temperature of the standard lamp fixes the zero point of the colorimetric 
method of determining temperatures. The temperatures of most stars, however, are 
so much higher than those of most practicable terrestrial sources. such as tungsten 
lamps. that large extrapolations are necessary. which places serious demands upon 
the accu ich of the standard. For ex imple. if a tungsten standard at say 3.0007 K is 

1a an erro! of only Q-3 _then the colow temperature of the sun. based on 

this standard. would be out by 40° for this reason alone. and the temperature of a 

wat 25.000°K would be out by 1.000° or 4! But the real situation is worse 

this. The tungsten is only a secondary standard, The primary standard for high 

perature Measurements by radiation methods is the temperature ol the melting 

if gold. a temperature high enough to be measured by photometric methods 

oh to be calibrated with such instruments as thermocouples and gas 

mometers without their destruction. The accepted and internationally used 
ue for the gold point is now 1.336°K, but this may be uncertain by as muchas | 

in an uncertainty from this of 20° at the solar temperature, and 500° for a 

25.000 K. Additional errors are made on the way, however. The local tung 

indard must be compared with a laboratory tungsten standard which has 


peel ealibrated with a gold point apparatus. The comparison between the two 


tungstens can be made with high accuracy (KIENLE, 1936). but the comparison with 


l 


the gold point is something else. As if this were not enough, there still remains the 


matter of scale. which is determined by application of the PLANcK radiation law. An 
additional appreciable uncertainty is present here because of lack of exact know 
ledge of the radiation constant Co that appears in the expression of this law. 
Everything taken into consideration. the temperatures assigned to a source of 
rbout 3.000°K by different laboratories are likely to differ by 20” tO < y equivalent 
to 2.000° to 3.000° at atemperature of 25.000°-K. or of the order of 10 If this seems 
to be acceptable accuracy, it should be remembered that temperatures are frequently 


used To} calculating total radiation which VOeS as T 


field of multiple colour photometry in astronomy contains fascinating vistas 
{Ol he future. Very little exploration has been made except in three colour photo 
r. The possibilities of the 


metry. and even here we have made only a good beginnin 


infrared spectral region as a colour in multiple colour photometry are all but un 


known. while the future in photometric systems of four and more colours has been 
only roughly indicated by the accomplishments of the past and present. Some of the 


work in multiple colour photometry has been ahead of its time, but appreciation is 
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growing rapidly, and the day may soon be with us when photometry in less than 


three colours is regarded by all as archaic. 


In the preparation of this paper I am indebted to JoEL Sressins for helpful 


criticism and for aid in the preparation of the section on temperature measurement. 
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l. INTRODUCTION 


TWENTY-FIVE vears have elapsed since the introduction of the Schmidt optical 
system. During this period the most extensive applications of Schmidt telescopes 
have been to pictorial surveys in various spectral regions and to objective-prism 
surveys. Some of the latter have been carried out quantitatively, in particular for 


the determination of spectrophotometric parallaxes In general, however, the 


application to quantitative studies has been relatively small. Their use in astro- 


metry has not progressed beyond three or four trials. Photometric programmes have 
been more common: nevertheless. they still occupy only a meagre proportion of the 
Schmidt telescope time available. 

At first sight the Schmidt telescope appears ideally suitable for in-focus photo 
graphic photometry. It provides high image-quality over a wide field, 5° or greater, 
so that a single exposure should give images down to a faint limiting magnitude with 
small field errors. In classical systems with aperture-ratios around f/4 this perform 
ance 1s sufficiently maintained over wavelengths extending from ultraviolet to 
infrared to fulfil the requirements of modern three-colour photometric surveys; see. 
for example, LInroor 1955. 

In spite of these considerations it has turned out that certain Schmidt telescopes 
are not, in practice, suitable for general photometry. The reason given is the smal 
size of the image, making the measured magnitude critically sensitive to certain 
disturbances. such as errors in adjustment, focus changes and differential flexure. 
The classical Schmidt requires the photographic emulsion to be bent to the Petzval 
surface. It is not possible to do this exactly by pressing a plate by its edge onto a 
spherical surface. and the focus errors are likely to vary from plate to plate on 
account of elastic variations. Again, as different portions of the mirror are used in 
different parts of the field, irregularities in figure, such as those caused by flexure or 
thermal distortion (COUDER, 1955), introduce irregular errors. An uneven reflection 
coefficient of the mirror may be troublesome. Multiple exposures are affected by 
changes in seeing and guiding. For a Schmidt of short focal-length, where the dia 
meter of the threshold image is determined by photographic emulsion-spread, a 
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lower signal-to-noise ratio is obtained than for an instrument giving larger images, in 
which the effective number of grains is larger (HAFFNER, 1956). 

There arises then the question of whether the classical Schmidt is fundamentally 
unsuitable for photometry. Should it turn out that no mechanical mounting can be 
devised to give adequate stability under all likely conditions of orientation and 
temperature, and that no suitably matched photographic emulsion can be procured 
readily, then the system must be deemed unsuitable. Already proposals have been 
made, and indeed carried out, to modify the system by under-correcting even to the 
extend of removing the corrector plate altogether. It seems, however, that the 
situation has not yet been fully explored, and that the time has not yet come to 
answer the question of fundamental suitability 

Further problems are raised by the enormous amount of information potentially 
available from Schmidt photographs extending to faint magnitudes over wide fields 
For instance, there is no difficulty in obtaining 10° images on a single photograph 
with an exposure time of less than half an hour. However, traditional methods of 
measurement and reduction permit only a small fraction of these to be handled, if 
one is to keep pace W ith a fairly regular supply of plates from the telescope Recent 
improvements in irisphotometer design have enabled a substantial increase in 
measuring speed to be obtained. For instance the machine developed by W. BecKER 
and his associates (BECKER and BiBpER, 1956), which the author has had the privilege 
of using in Basel, allows a skilled operator to identify and measure for density some 
300 stars per hour. This is probably about the limiting speed that can be obtained by 
hand. Although slow compared with the output from the telescope, nonetheless it 
introduces the problem of processing the large amount of data obtained. In Cam 
bridge we have been fortunate in having the EDSAC 1 and 2 electronic computers 
placed at our disposal, offering a Way of clearing reductions easily. 

It was to examine all these problems that some trial photometric programmes have 
been carried out with the Cambridge Schmidt telescope under the supervision of 
Prof. RepMAN. It is not proposed to describe these in detail here. Some of the earlier 
work was done jointly with my colleague Dr. DewuHtrst, who had also undertaken 
a large part of the initial adjustment of the new telescope. 

The purpose of the present article is to describe some preliminary results of general 


application to Schmidt photometry in the hope of contributing to a review of the 


subject. and to illustrate the use of the electronic digital computer in reducing even 
a small fraction of the data available on the plates. 

Because of the nature of the pre cedure, the result of a magnitude determination 
by in-focus photographic photometry depends not only on the structure of the 
image formed by the telescope, but also on the manner by which the image is subse 
quently measured. In consequence, the telescope cannot be considered in isolation; 
it must be examined in relation to the measuring process, and a discussion of the 
measuring technique (carried out in this instance by a Sartorius Irisphotometer) 


must therefore be included. 


2. THE CAMBRIDGE SCHMIDT TELESCOPE 


) 


This is a 17/24/64 inch classical Schmidt. with a field of 5° of which 3°3 are un 


vignetted. 


The mirror is of Pilkington low-expansion glass. The lateral thrust is supported 
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by six counterbalance units, acting on the side of the mirror, and the lateral position 
is determined by two stops and a spring plunger. The back of the mirror rests on 
eighteen fluon discs mounted kinematically in the normal manner. 

The corrector is of selected white plate-glass, of meniscus form, and figured on its 
back surface. The corrector ghosts are of very low intensity because of this meniscus 
form and of the fact that both surfaces are bloomed. 

Circular photographic plates are used and pressed against the spherical back of the 
plateholder. Temperature compensation of focus is provided by four brass-invar 
links from the plateholder supports to the mirror cell. This compensation works well 
for slow temperature changes: there appears to be no effective method of dealing 


with rapid variations in temperature. 


The drive is by a 47 ¢ sec synchronous motor, fed by a resistance-capacity oscillator 


and amplifier. The frequency can be adjusted through 1 per cent. The worm, and 


drive wheel are continuously lubricated. The guiding telescope is a 6/90 inch re- 
fractor. No provision exists for guiding on an image formed by the main telescope. 
Recent experience has indicated that such an arrangement would be desirable. In 
exposures exceeding one hour there is an elongation of the images by one or two 
seconds of arc, arising, it is thought, from motion of the plateholder support. This 
elongation generally varies over the field so that a magnitude-dependent field-error 


would be expected: no investigation of this has vet been made. 


3. THE SARTORIUS [RISPHOTOMETER 

The image densities were measured with the Sartorius [Irisphotometer borrowed 
from the Royal Greenwich Observatory (by courtesy of H.M. Astronomer Royal). 
A description of this instrument has been published by H. HAFFNER (1953). The 
lay-out is indicated by Fig. 1. An iris diaphragm I, illuminated by a lamp L is 
imaged greatly reduced on the photographic plate P by the microscope objective M1. 
The density wedge W1 is turned right out of the beam for normal measurement. 
Some uses for it are described below. The beam then passes through a second micro 


scope objective M2 and up to the photocell C. A comparison beam also passes from 
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L. to C via the aperture Ap and the density wedge W2. The rotating shutter R passes 
the beams in rapid succession, and an electronic indicator E shows when both 
beams are equal in intensity. 

When a star image is centred in the iris image on P, a proportion of light is ab 
sorbed and the iris diaphragm must be opened to restore equality of intensity of the 
two beams. An arbitrary scale attached to the iris movement thus gives a measure 
of the photographic effect of the star. This measure is independent of the brightness 
of the lamp L in so far as the balance of the beams is also independent. However, 
during runs extending for several hours, drifts in the zero-point of a few hundredths 
of a magnitude were observed. The effect of switching off overnight occasionally 
introduced scale and zero-point-errors exceeding 0-05 mag. These are thought to 
be temperature effects. In order to use a single calibration curve through one run, 
it is necessary to maintain a constant reduction factor for the iris image formed by 
M1. This can be done by leaving MI untouched, and by adjusting the height of P 
and M2 to maintain the iris and the photographic grain in focus on the screen S. It 
was found necessary to repeat this at intervals of 1 to 2 hours, during which time a 
displacement of the structure supporting M2 had occurred. By maintaining this 
adjustment, the overall drifts during a day's run rarely exceeded 0:03 mag. 

The effect of switching off was thought to arise mainly from variation in the 
position of the lamp filament. When the effect exceeded 0°05 mag, a separate cali 
bration was made. In all cases the machine was switched off overnight, and switched 
on by a time-switch three hours before measuring. 

When the measurements were read out to a secretary, 1,000 stars required about 
eight measuring hours. This is an appreciably slower rate than is possible with the 
Basel photometers already referred to. The difference lies mainly in the balance 
indication which is a little diffuse on the Sartorius, depending on the image quality, 
so that three or four repetitions are necessary before the iris reading can be accepted 
with confidence. Carelessness in this respect can easily lead to errors exceeding 0: | 
mag. When a sample of the same plates was measured on a Basel photometer, how 


ever, the iris settings could be accepted with much fewer repetitions. 


t+, RepuctTiIon on EDSAC 


The readings were written down, corrected for drift, and then punched on paper 


tape. together with the magnitudes and colour indices of the calibration stars. 


Punching and tape preparation required about four man-hours per 1000 stars. It 
would of course be more efficient to punch as the readings come from the photo 
meter, or even to modify the photometer to punch directly, applying any drift 
correction as part of the computation programme. 

The relationship between iris-reading and magnitude is expressed by a polynomial 
whose coefficients are determined by least squares. The degree m is set up on the 
KDSAC manual register during the programme input routine. Values of m as low 
as 3 sometimes give a sufficiently close fit, but usually m is set around 8. Higher 
values such as 12 have been found to make only negligible difference to the results, 
while they slow down the rate of working very considerably. Examples of calibra 
tion curves are given in Fig. 1. 

The first solution is sensitive to gross errors in data, such as punching errors, 
mistaken identities, etc. The machine tests the residuals; those which are greater 


ISS Experiences in photo vy with the Cambridge Schmidt telescope 


than a certain prescribed amount are temporary rejected in forming another solu 
tion. and this process is continued until a steady state is reached. 

The data tape is run into the machine twice. In the first run the standard stars are 
picked out to form the equations of condition. So far all magnitudes have been 
derived on the local R.G.U.-system (BECKER and STEINLIN, 1956). The calibration 
magnitudes. however, have always been on the U.B.V.-System (JoHNsON and 
MorGAN, 1953), so that in the case of the R and G plates it has been necessary to 


apply preliminary colour corrections of the form 


R-V 


und similarly for G. (The luminosity may be expressed by V because in all 
ases the calibration stars are members of some cluster.) The standard magnitude V 
is corrected to R (or G) by the machine before insertion into the equations of con 
dition. On reaching the end of the tape the machine punches out the co-ordinates of 
about 25 points on the calibration curve for hand-checking. On running in the data 
tape a second time, the identity and magnitude derived for every star are punched 
out. For 1.000 stars the machine-time required is about 5 minutes. most of which is 
punching time. A sample of the process is given in Fig. 2 
Another programme has been devised to average individual magnitudes for each 


star as recorded on up to 63 tapes. At present the storage capacity of EDSAC 2 
1.024 registers of 40 binary digits) limits this programme to 946 different identities ; 


any extra identities are punched out. 


5. MEASUREMENT WITH IRISPHOTOMETER 


Let J(r.@) be the intensity of illumination of the iris image. and ¢(7,@) the trans 
mission coefticient of the photographic image at the same point. The total intensity 


L transmitted by the photographic image is given by 


L | {70 dr. dé or 


1 


As an approximation, / is constant within the iris image and is zero outside. One 
may then regard the range of integration in equation (1) to be over the iris image. 
To make a magnitude measurement, this range is adjusted to make L equal to a 
constant Lo, the intensity of the comparison beam. The arbitrary scale attached to 
the iris movement gives a measure 4 of this range of integration. The magnitude 


derived from A contains. along with others. the following sources of error: 


1) the experimental error in balancing L against Lo: 

2) error in centring the star image in the iris: 

(3) random fluctuations of f¢(r.@). that is, grain noise: 

(4) variations in background fog: 

5) svstematic differences in image structure, leading to differences in f(r.) 


among images of the same magnitude in the system 


(a) Balancing Error 


This error is a minimum when (1/1)(didA) is a maximum. On the Sartorius instru 
ment a convenient method is available for determining the corresponding A for a 
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gciven image. One centres the image accurately, and for a number of iris settings 
A one finds the corresponding W1 wedge settings to balance, the comparison 
beam intensity being constant: W1 is shown in Fig. 1. A plot of A against W1 is 
given in Fig. 3. Since the density of this wedge is a linear function of its reading, W1, 
it follows that 

dw 
] 
A 
dd 


where —k is the wedge constant. The balancing error is therefore least where the 
slope in Fig. 3 is numerically greatest. The star used for Fig 3 was of the 10th magni 
tude, which was five magnitudes above the limit of the plate. Where the slope is 
greatest, the iris has cut into the outlying grains of the image and is in a region where 


mi 


the density is low (about 0-2 above sky-background) but changing perceptibly. 


3 
od 
- 
# 
2 


: 


Fic. 2. EDSAC 2: punched tapes. 
The tape at the extreme left contains the data from the photometer and the standard magnitudes 
Beside it is its print-out. The centre-tape contains the programme. On running it into EDSAC, 
followed by the data-tape, the calibration curve is punched out onto the right-hand tape, This 
is followed by the magnitudes of all stars, on running in the data-tape a second time. On the 


extreme right is a print-out of the output-tape; the calibration points are inthe top block, the 


identities and magnitudes below. 
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Fig. 3 shows that the optimum iris setting for balance is not critical. Because of 
this, a single adjustment of the comparison beam is sufficient over a range of about 


ii 


ten magnitudes 


(b) Ce ntring Error 
The magnitude error is approximately proportional to the square of the off-centre 
distance. It is roughtly independent of magnitude for a given adjustment of the 
comparison beam, but increases when the latter is changed, so that the iris closes 
more tightly around the image. For the Cambridge Schmidt the usual adjustment 
gives an error of 0-03 magnitudes for a centring error of 41. On the screen of the 


Sartorius this corresponds to about 0-2 mm; thus careful centring is required. 


(ec) Clonsiste ney of Me asurement 


The internal consistency of measurement of a red plate is demonstrated in Fig. 4 


by a and bh. Ina, for instance, are plotted for each image the differences in measured 


magnitudes obtained in two measuring runs. The iris was approximately at optimum 
adjustment for balance at 10 mag. corresponding to the point @ in Fig. 3. In Fig. 4 5 
the differences are plotted for two runs with a smaller iris. On a 10 mag.-image this 
iris cut into the region where the photographic density was 0-7 above background, 
and corresponded to 6 in Fig. 3 

The consistency of measurement is noticeably better in @ than in 6, except in the 
region beyond 14 mag, where for a.the calibration curve is considerably flatter. No 
extraordinary care was taken over these measurements. They were made at the 
usual rate. and should be representative of the measuring accuracy ordinarily 
achieved in survey work. From the point of view of measurement it is concluded that 
the choice of iris adjustment between these two values is not critical, unless one is 
concerned particularly with the images near the threshold of the plate. For these, 
Fig. 4 shows the small iris to give greater measuring consistency, but evidence 
presented later in connection with granularity and focus-change suggests that the 
large iris is in fact preferable. 

From Fig. 4 a and / the internal probable error of a single measurement is less 


than 0-01 magnitude. 


Co oA wa af o, fm" 
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Fic. 4. Internal consistency of measurements with the Sartorius [risphotometer 
Plate limit 15th magnitude 
a) Large iris (SKY = 51); (6) small iris (SKY = 30); (c) Comparisons of single measurements 
in a and h 


(d) Granularity 

On the other hand when one magnitude measurement of a (Fig. 4) is subtracted 
from one of 6, the plot ¢ is obtained. This plot therefore compares the magnitudes 
obtained by measuring over two regions of the image, that for b being included in a. 
The differences in ¢ show no correlation with colour index, such as one may perhaps 
expect from wavelength-dependent scattering in the emulsion. They appear to arise 
entirely from grain in the image. The numbers in parenthesis are the average differ- 
ence, without regard to sign, in each 2-magnitude interval. 

By means of Fig. 3 it is possible to determine the transmission distribution f(r) 
in equation (1), ignoring variation with 6. The mean square fluctuation (6)? over 
the region within the iris was then calculated; it is plotted in Fig. 5. In this caleula- 
tion it was assumed that the density fluctuation over an element of area a is given 
by a Gaussian error distribution with root-mean-square deviation 4 (('2/2q), Where 
G is SELWYN’s graininess constant (MrEs, 1942). Values of G were obtained from 
microphotometer tracings of a contact print of a step wedge on the same emulsion 
(Kodak 0a-E). 

5L was converted into r.m.s. magnitude-fluctuation and plotted in Fig. 6. Great 
weight should not be given to this because the graininess measurements were very 


rough, being considerably influenced by defects in the wedge and emulsion, and 


because no account was taken of variation of G with a. Nonetheless, Fig. 6 may be 
of value in indicating the dependence of 6m on the iris reading A. It suggests for this 


tometry with the Cambridge Schmidt tele scope 


pi es 1n 
particular image, 5 mag above the plate limit, an uncritical minimum grain-noise 
in the region of a, the point corresponding to optimum adjustment for balance. It 


also indicates increased noise for a large iris radius, due to the sky-background grains. 
These noise calculations now offer an explanation of Fig. 4c. At 10 mag, the magni- 


tude fluctuations are according to Fig. 6 about equal for the two iris adjustments 


corresponding to a and b t and 6). Although these fluctuations are not inde 
hecause the whole region of the image measured in 6 is included in a, they 
This follows from Fig. 5 which indicates the 


Accordingly the r.m.s.-difference in 


Figs 


] + 
penadel 
may be regarded as approximately so 
noise power for bh to be one tenth that for a. 
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a magnitude-interval in Fig. 4¢ is approximately 4/2 times the r.m.s.-error of one 


magnitude measurement. This last quantity is given in Table 1. 


Magnitude 


r.mm.s. error 


{.m.s. error of a magnitude measurement due to granularity and error of 


ment 
Cambridge Schmidt; Kodak Oa-E; Cl e ORI filter; Exp 


Sartorius Irisphotometer 


The values in Table | indicate the noise calculated for 10 mag. (Fig. 6). to be low 
by a factor of about three. This is, however, in good accord with the internal devia 
tions experienced with the R magnitudes in a three-colour survey of the Praesepe 
region (as yet unpublished). From this it is concluded that the magnitude error, at 
least over one degree square near the centre of the plate, is mainly due to granu 
larity. 

A calculation may also be made of the grain-noise near the threshold, where the 
image consists of a uniform-cluster of grains of a diameter of about 300. When 
optimized for balance five magnitudes brighter, the iris just encloses this threshold 
cluster. The r.m.s.-fluctuation dm is then given approximately by (FELLGETT, 1958) 


AD} 4 
O-49VN zr 


where AD jo is the r.m.s. density-fluctuation for a circular scanning element of 
diameter 30u. Taking ADjpo 0-034, and gamma unity. gives 6m 0-O8 mag, a 


result open to the same criticisms as those made against Fig. 6. 


(e) Background Density 

Local increases in background density can be caused by scattering and reflection 
at the optical surfaces. In addition to the familiar corrector-plate ghost. each very 
bright star on our R.G.U.-plates is situated in a dise displaced towards the centre 
of the plate. This disc is a faint out-of-focus image of the star formed by one re 
flection at each surface of the flat filter, placed immediately before the emulsion 
Discs formed by further reflections do not show up, but may affect the photometry 
of nearby stars. Of course, these discs only appear for very bright stars, and they 
could be reduced in intensity by blooming. 

It has been mentioned how the corrector has been arranged to reduce the in 


tensitv of its ghosts, so that normally these do not show up. When they do, they 


offer a convenient method of examining the effect of background fog on the mag 
nitude because the position of the ghost in the field may be controlled. Table 2 gives 
measurements of four stars which coincide with one of these ghosts on one U-plate, 


so that the background density had a local increase of 0-0086 (log., units). Column 2 


gives the mean U from other images not affected by ghosts. Column 3 gives U’, ob 
tained by taking no account of the increased background density. (U’—-U) in the next 


column shows the pronounced effect of the ghost. 
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The comparison beam was then altered so that the iris reading on the ghost- 
background was equal to the value it had on the undisturbed background in other 
regions. and U” was obtained. Although the observations are meagre, the residuals 


(C”—U) suggest at least partial compensation by this process. The wedge W1 
l 


(Fig. 
This process of compensation is analogous to the procedure described by Ross 


) is helpful in facilitating adjustment on a large area of background. 


(1936) for the ScHILT photometer, in case where the fog increases the density of star- 


image and background by the same amount. For images of low density one may 


Table 2 


ison beam to compensate for backqround density 


{ 


compe nsated 


expect this condition to be satisfied approximately, on the basis of the density 


exposure curves given in Ross’ paper. 


(f) Image Structure 

In a general way equation (1) shows that the measured magnitude is sensitive to 
changes in image structure, that is, to systematic changes in ¢(r,6) among stars of 
equal apparent magnitude. This may be illustrated, for example, by the effect of 
small focus changes in the telescope. Fig. 7 shows this for five stars ranging from 8 
to 14 mag. the plate limit being 15-2 mag. The measurement was made with three 
adjustments of the Sartorius: a (centre column) and 4 (left), corresponding to the 
respective settings of Fig. 3, discussed above; and ¢ to a large iris, whose sky-area 
was 2-5 times that of a faint in-focus image. These faint in-focus images were just cut 
into for a; for b, however, they were well cut into, two thirds of the area being cut 
away 

Although the curves are distorted by photographic grain, they show the general 
pattern obtained from a large number of these focus sequences. For stars brighter 
than 10 mag. which is 5 mag above the plate limit. the magnitude effect of focus 
change is independent of both brightness and iris-adjustment. At 14 mag, the effect 
of a small focus change (less than 0-1 mm) is similar to that for a bright star for 
setting a. but of opposite sign for 6. The setting c seems to give little effect at 14 mag: 
however it is not recommended to use this adjustment, because the iris is less sensi- 
tive to balance (c, Fig. 3) and the slope of the calibration curve undesirably low (see 
the top pair of curves in Fig. 11). 

Taking the iris-adjustment a in Fig. 7 as typical, the magnitude error Am is 
approximately proportional to (Af)? for Af less than 0-1 mm, in confirmation of a 
result obtained by HAFFNER (1956) with the Bergedorf Schmidt. From Fig. 7 a one 
obtains Am = 0-018 mag, when Af = 0-025 mm. This situation refers to a blue- 
sensitive plate and minus U.\V.-filter, i.e. to Pg-photometry. The corresponding 
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values for R.G.U.-photometry are included in Table 3. No explanation is offered for 
the Pg error being the greatest. It may be because the Pg waveband is the widest, 
or because the minus U.V.-filter is more than twice the thickness of the others. The 
corresponding figure given by HAFFNER (1956) for the f/3 Bergedorf Schmidt is 
Amp, 0-Ol mag. 
Table 3 
VW agnitude error for bright stars, introduced by a focus error of 0-025 mm, on Cambridge Schmidt 


Pg: Ilford Zenith; Wratten 2B (—UV);: G: Ilford Zenith; Chance OYS8; 
R: Kodak Oa-E; Chance ORI; U: Ilford Zenith; Schott UG2 


O'OLS OP OOS OY 006 


Fig. 7 and Table 3 indicate the precision to which the figure of the emulsion 
surface, the focus and the tilt of the plateholder must be adjusted and maintained. 
An approximate adjustment for tilt can be achieved quite rapidly using the auto 
collimation method described by DeEwuirst and YATES (1954), and for this a convex 
mirror has been provided by GRuBB Parsons. However it has been found necessary 
to determine the final correction on the sky by focus sequences; but the auto 
collimation apparatus is convenient for applying this small remaining correction. 
It has also been valuable in studying flexure of the plateholder relative to the main 
mirror. The graph in Fig. 8 shows by how much the centre of curvature C’ of the 
emulsion surface lies above that of the mirror (C) when the tube is horizontal in the 
North-South direction, given that they are coincident when pointing vertically 
upwards. In the East-West direction the flexure is about 40 per cent smaller. 
Negative focus settings correspond to positions of the plateholder closer to the 
mirror: hence to greater extension of the supporting arm, and the increased flexure 
which is further increased by the weight of the filter (400 g). The normal working 
range of focus is +1-3 mm, and then with the 2B filter CC’ = 0-2 mm. This corre 
sponds to a focus error at the edge of the field of 0-01 mm, so that Amp, 0-003 
mag. It is concluded that the effect of changing tilt of the plateholder through 
Hexure is negligible. 

It is known that there is a flexure between the main mirror and the corrector, 
since if the centre of the latter coincides with C (Fig. 8) at the zenith, it will be 
0-4mm below it with the tube horizontal. If one regards this as a displacement of 
the mirror, one would expect it to combine with the sag of the plateholder and the 
Hexure of the guiding telescope to produce elongated images during a long exposure. 
Klongations not exceeding three seconds of are have indeed been found on some of 
the longer exposures (of the order of one hour). These elongations vary in amplitude 
and direction over the plate, suggesting a rotation of the plateholder superimposed 
on the lateral sag. They are not the same on photographs of the same field taken 
under apparently identical conditions. Atmospheric refraction probably contributes 
at most 0"4 elongation. How the remainder originates is not entirely clear. 


6. FreLpD ERRORS 


Arising from the manner in which magnitudes are measured photographically, one 


would expect the field error to depend on the combined optical aberration, guiding, 


196 Experiences in photometry with the Cambridge Schmidt telescope 


seeing and emulsion image-spreads, on the total light intensity contributing to the 
image (including the effects of anv vignetting and uneven reflectivity of the mirror). 


and finally on the adjustment of the irisphotometer. The aberration image-spread 


will depend, inter alia, on the position of the emulsion and on the thermal state of 


the mirror (this last effect is not likely to be important in photometry with the 
Cambridge instrument). The focus effect will depend on local irregularities of the 
figure to which the photographic emulsion has been deformed, which in turn will 


depend on the elastic properties of the olass. 


Sky 48 


(a) 


Fr 


ocus—setting, 


Dependence of measured photographic n le y n focus-setting 


f/3-8 Schmidt: Ilford Zenith plate; Wratten 2B; ) ? minutes each. 
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The concept “‘field error’’ may therefore be applied in two ways. In the first, it 
refers to the variation of measured magnitude on a single plate, due to any instru 
mental cause whatever, including such random effects as variation in emulsion sensi 
tivity and irregularity in figure not reproduced from plate to plate. From this point 


of view each plate must be calibrated separately. 


Secondly, ‘‘field error” may refer only to the average obtained from a large number 
l 


of plates. In this sense, which is the one usually implied by the term and which is the 
more convenient in photometric survey, it is a description of the systematic proper 


ties of the photometry under the given conditions of observation and measurement. 


Fic. 8. Variation of flexure ( with focus-setting 


is the distance of ¢ centre of curvature of emulsion) above C (centre of curvature of 
with the telescope horizontal in the North-South direction. At that zenith CC’ is zero 
x = with Wratten 2B filte :@ = No filter 


Because of the sensitivity of the Schmidt image to small disturbances, there arises 
the doubt whether practical systems are sufficiently stable to allow the use of this 
second concept. For a given telescope this can only be decided by experience. The 
two field-error determinations (in the first sense), to be discussed, suggest the second 
concept of field error to be applicable in our particular case, at least when the 
exposure time is short. 

Values obtained for two pairs of exposures on overlapping fields on one U-plate 
are plotted in Fig. 9 as a function of distance from the centre, with division into 
four quadrants. Exposure times were 3 minutes each. The magnitudes range from 
U 3 to 11 mag, but 90 per cent of the stars are fainter than 7-0 mag. Individual 
values are plotted in Fig. 9 a, and means within radius intervals of 5 mm in Fig. 9 6. 
The same quantities are plotted in Fig. 10 for a G-plate. 

For both plates there is the suggestion of an increase in measured brightness in 
the outer region of the NW-quadrant. The error in focus in this region is certainly 
not expected to have exceeded 0-05 mm so that, from Table 3, one would expect the 
maximum effect to be — 0-05 mag in U, and — 0-03 mag in G. 
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Taking the unvignetted region (diameter 3-3 of all four quadrants together, we 
obtain for the average deviations of the individual values (plotted in a, Figs. 9 and 
10) from the mean, the values 0-032 mag in U, and 0-027 mag in G. These are of the 
order of the scatter due to photographic grain and measuring error; from this we 


conclude that the field error is small at every point in the unvignetted region. 


MAGNITUDE TRANSFER 


The calibration curves for a pair of exposures for the same field were obtained 
with four adjustments of the irisphotometer, and are shown in Fig. 11. They show 
the familiar effect of changes in seeing and guiding between the two exposures. 


The differences in magnitude are about the same among the bright stars for all fow 


irisphotometer adjustments. For the faint stars, however, they are small for the large 


iris (SKY 84) and increase as the iris diameter is reduced 

The points of intersection of these curves correspond to the “optimum density” 
described by WEAVER (1947) for the case of measurement with a Schilt-tvpe photo 
meter. So far no attempt has been made to use the reduction procedure described 


in his paper His assumption, that the transformation of one curve to the other 


G field-error of Cambridge Schmidt plotted against distance from centre, 
into tour quadrants Kxpos ire 3 minutes. 


(a) individual values; (6) means. 


Kic. 11. Irisphotometer calibration-curves for two 


exposures on one plate and four settings of com 


parison beam. 


Exposures 2 minutes 


Experiences in photometry with the Cambridge Schmidt te« lescope 


takes place by rotation about the point of optimum density, may be inadequate in 


the present situation; but the curves do suggest that the transfer errors may be 
reduced over a considerable range of brightness by measuring with two or three 
different adjustments. However. the scatter obtained for faint stars with large iris 
(SKY 84) is large 
The small iris-adjustment (SKY 25) is sometimes urged on the ground that here 

the calibration curve is steepest and most nearly linear. It has already been noted, 
however. that a small iris. cutting heavily into the faint images, gives rise to a 
reduction 1n signal to-noise ratio. to an increased dependence on centring in the Iris, 
and to a greater sensitl\ Itv to focus error in the telescope. A linear calibration is of 
no advantage when the reduction is performed either graphically or bv electronic 
computel 

1 compromise, the adjustment used for measuring the Cambridge plates has 

1 the region of SKY 50 

11 is typical of results obtained in transferring magnitude sequences with 
our Schmidt. The exposure times used were ‘wo minutes each. For instance, in a 
three-colour survey of S.A.S, magnitudes have been transferred from / and y Persei 
about 10° away. On individual plates of 3 minutes exposure the scale over about 
elg 


to the limit to which they were measured, i.e. 14". However, one would expect these 


t 


ht magnitudes and the zero point differ by about 0-1 mag in each colour, down 


differences to be randomly distributed. the S\ stematic effects of flexure and declina 


small In this case The magnitude ot one bright star 1n selected Area S Was 


1) 
Lil 


measured by Mr. R. V. WILtsrrop using the pulse counting U.B.V.-photo 

the Cambridge 36-inch reflector. His result for U agreed with the mean of 

two plates within 0-04 mag: and for V it agreed with 1(R+G) from two R- and two 
(-plates within 0-03 mag 

Qn the other hand. transfers made with exposure times of the order of thirty 

minutes usually have seale and zero point errors of seve! il tenths of a magnitude. 


Some comment on this is made in the next section 


S. (ONCLUSION 


Preliminary experience of in-focus photometry with the Cambridge Schmidt 
telescope indicates that over the unvignetted field most of the error of a single 
magnitude measurement is due to photographic grain-fluctuation, and that for short 
exposures the field error is low, not exceeding a few hundredths of a magnitude in 
the unvignetted region, and that magnitude transfers can be accomplished to a few 
hundredths of a magnitude with certain precautions. In brief, the performance of 
this telescope in short-exposure photometry can be quite satisfactory 

This has not always heen the experience with some other Schmidt telescope s. and 
it seems likely that the difference lies partly in the moderate dimensions and focal 


ratio of the Cambridge instrument (f/3-8: f = 163 em Under average conditions 


»- 


the diameter of the faintest ultraviolet images (about 25) is believed to be limited 
by seelng spread, because On rare occasions smaller diameters have heen obtained. 
The G and R images. on the contrary. have never been obtained smaller than 25u. 
These images are always less crisp than the ultraviolet ones. so that under fair seeing 
conditions it is thought that their diameter tends to be limited by emulsion spread. 


It sSeelis reasonable to suppose than al) lmage limited by emulsion spread is less 


\ N ARGI PO] 


sensitive to small disturbances than one limited by seeing. Perhaps this is supported 
by the figures in Table 3 of the present article; the measured U-magnitude is more 
sensitive to focus change than G or R. Of course, this comparison is certainly affected 
by wavelength-dependent optical and photographic effects, so that no final con 

clusion can be drawn from the present data; but a test could be made with different 
emulsions. 

On long exposures the images tend to appear a little more diffuse, partly through 
reduced efficiency in guiding, and partly through photographic effects such as 
fogging by the sky brightness. Whether these render the magnitudes more suscept 
ible to small disturbances of the image is at present a matter of speculation, but the 
disturbances are likely to be greater. The field errors for long exposures have not 
been studied yet, but they are likely to be different from those plotted in Figs. 9 
and 10; and variable because of the movement of the plateholder already referred 
to. The variation of tilt of the plateholder with elevation has been shown to be 
negligible, but movement of the centre of the corrector plate relative to the centre of 
curvature of the mirror may cause an appreciable dependence of performance on 
zenith distance. Our experience with long-exposure transfers has been discouraging 
and this agrees with the experience of other workers Many contributors to the Draft 
Report of Commission 25 for the 1958 Congress of the International Astronomical 
Union have emphasized the need to set up magnitude scales by photoelectric photo 
metry in the actual areas being studied, and not to attempt photographic transters 

Now, although there appears to be no difficulty in doing photometry down to 


sav. the 15th magnitude with a Schmidt telescope of moderate size, making use of 


the wide field. and transferring magnitudes from standard sequences, Many workers 


may wish to go several magnitudes fainter. There is little difficulty in obtaining the 
actual photographs: a large, fast Schmidt telescope will provide images certainly t 
the 20th magnitude, giving adequate plate-scale for photometry in many regions, 
and the wide field gives the astronomer sometimes several of the regions that interest 
him on one plate. (The advantage of a long focal-length in photometry, giving : 
large seeing-limited image, follows from equation (2). The larger number of grains 
reduces AD o). When it comes to the photometry, however, the situation becomes 
difficult. First of all, it is generally found that a magnitude scale in one part of the 
plate cannot in general be transferred to another: differences in scale and especially 
in zero-point are found. These are usually attributed to tilt of the plateholder, as is 
explicable from Fig. 7. The magnitude changes plotted there refer to an f/3-8 tele 
scope. For a faster system one would expect greater changes for a given error in 
focus. In principle it is possible to eliminate the effects of such a field error in the 
comparison of two regions in the field by reversing the telescope in such a way that 
the regions exchange position on the plate. However, this requires the field errors 
to remain invariant with respect to position on the plate on reversing. In practice 
they are almost certain to change, due to mechanical instability; and in any case 
the field error is not some absolute entity; it depends on the seeing and guiding. 

As already mentioned, the conclusion has been reached by many observers that 
each region studied must have its own photoelectric magnitude sequences, so that 
in-focus photographic photometry becomes a matter of interpolation over only small 
distances on the plate. This, of course, simplifies the photographic measurement 
since each plate may have just one exposure, thus considerably lightening the task 
of identifying the stars in crowded fields. On the other hand, the setting up of 
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photoelectric sequences, even to the 18th magnitude, is a highly specialized tech- 


nique which can be carried out at very few observatories at present. The problem 
then becomes one of securing the co-operation of an observatory equipped for this 
task, and this is almost certain to involve delays and frustration. 

It seems then that there is a case for considering more critically the process of 
transferring magnitude sequences photographically. Evidently, the process fails be 
cause changes of image structure occur which are not accounted for in the measure- 
ment. The question of how to allow for them is one that has elicited much discussion 
with my associates here, especially Prof. RepMAN, Dr. Linrootr and Dr. FELLGErT. 
Already a start has been made in the paper by H. F. WEAVER (1947) already referred 
to. It seems desirable to continue investigation along these lines rather than to 
write off photographic magnitude transfer with the Schmidt as a total loss. 

In whatever way the problem of standard magnitude transfer is resolved. the 
moderate-sized or large Schmidt telescope provides a powerful instrument of mass 
photometry, so that by the use of modern irisphotometers and electronic computers 
the astronomer has a means of obtaining very extensive data, perhaps as rapidly as 


hand measurement can permit. This. then, is the vista before him. 


The Excitation of Emission Lines in the Spectra of 
Early-Type Stars 


os, PAGEL 


Royal Greenwich Observatory, Herstmonceux, Sussex 


SUMMARY 
Ina plane-parallel atmosphere, in radiative and local thermodynamic equilibrium, emission lines cannot 
normally arise. The presence of emission lines requires either a combination of thermal re-emission in the 
line with seattering in the continuum (ScHuSTER-UNDERHILL mechanism); or fluorescence: or scattering 
in a moving envelope. The various basic mechanisms for the production of emission lines are discussed 
Of stars show the effects of selective fluorescence, while in WR, P Cygni and Be stars ZANSTRA’s primary 
fluorescence mechanism appears to be operative. ROTTENBERG’s effect of the scattering of stellar line 
radiation gives an elegant explanation of the P Cygni and Be profiles, but needs to ke supplemented by 
a consideration of fluorescence effects before it can be appli d to the higher members of a series. 

The analysis of line intensities in WR and P Cygni stars according to BEALS’ Hypothesis is discussed 
in some detail, with special reference to the statistical equilibrium of hydrogen and helium in envelopes 

Finally the transfer of radiation in envelopes is discussed, with special reference to SOBOLEV’S theory, 
in which self-absorption in a moving envelope is taken into account in a very elegant manner. It is 
concluded that SoBOLEV’s theory offers much new insight, but is not universally applicable; for example, 
the measured ratio of Paschen to Balmer lines in the spectrum of P Cygni suggests that there is little 


self-absorption present in the higher members of the series 


INTRODUCTION 


THE presence of emission lines in the integrated spectrum of a star is a sign of the 
breakdown of one or more of the following assumptions that are commonly made 


in the theory of stellar atmospheres: 


|. Radiative equilibrium 
2. Hydrostatic equilibrium 


3. Local thermodynamic equilibrium. 


Of these assumptions, 3 may be expected to break down under a variety of conditions 
and 2 may be abandoned if there is sufficient evidence against it (e.g. if line profiles 
suggest turbulence, as in supergiants, or expansion, as in P Cygni and WR stars and 
novae). Assumption 1, on the other hand, is not to be abandoned lightly; while it is 


clearly inadequate to explain the high kinetic temperatures of the solar corona and 


the helium-emitting elements of the chromosphere, it has (when combined with 
ZANSTRA’S fluorescence hypothesis) proved highly successful in accounting for the 
emission lines in gaseous nebulae and in the spectra of certain O, B and early A-type 
stars. However, the appearance of highly enhanced forbidden lines such as those of 
[Fe vir] in the spectra of novae (THACKERAY, 1955) requires a coronal (i.e. non 
radiative) excitation mechanism. 

The emission lines, and certain narrow absorption lines that normally appear 
with them, are commonly assumed to arise in a shell or ring, analogous to a small 
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planetary nebula, surrounding the central star. The circumstantial evidence for 
this hypothesis is very strong in many cases, and consists of the following facts: 

|. The weakness of absorption lines such as Mg 11 A 4481, arising from subordinate 
levels with a strong transition to the ground state. together with the strengthening 
of lines arising from a metastable lower state. is consistent with a dilution factor of 


the order of 0-05 (StRUVE and Roacn, 1939). The presence of a dilution factor 


naturally assists the operation of the fluorescence mechanism. 


2. The narrow “shell” absorption lines in Be spectra may be interpreted as showing 
a rotational broadening consistent with the dilution factor inferred from A 4481 if it 
is assumed to arise In gas expelled from the (rapidly rotating) stellar surface with 


constant angular momentum, or perhaps with rotational velocity varying with 


distance according to KEPLER’s Third Law. 
3. The interpretation of P Cygni and WR profiles in terms of an expanding en 
pe is confirmed by the fact that similar profiles in the pre-maximum and princi 
pal spectra of novae are followed some weeks later by visible nebulosities with the 
same expansion velocities as shown by the principal spectra (McLAUGHLIN. 1956). 
With the aid of suitable filters, similar nebulosities may be observed around certain 
P Cyeni stars or slow novae such as AG Carinae (THACKERAY. 1956). 
$4. The rapid changes (sometimes occurring in a few hours or less) in the intensities 
profiles of emission and “‘shell” absorption lines in Be spectra suggest violent 


ion of material. Such material probably has a non-homogeneous structure and 
regarded as consisting of vast prominences however. in the absence of 


detailed information as to its forms, it is convenient to treat the ejected material 


is though it had spherical (or. in the case of Be stars. circular svmmetry. 
It is of some interest to analy se the distinction between the “‘shell’’ and the “‘star 
from the viewpoint of the theory of stellar atmospheres. In the case of an 


propel 
nova shell. or of the ring nebula in Ly ra. there is no problem, since there 


expanding 
is a region ol negligible density between the star and the shell. so that the latter may 
be regarded as an isolated Vas cloud illuminated by diluted stellar radiation. In the 
however, material appears to have been continuously 
n 1600, so that the star 


ease of a star like P ( ven 
ejected at a more or less uniform rate since its nova outburst 1 
must simply have an outer atmosphere whose density varies as the inverse square 
of the distance from the centre. The limb of the star is the layer whose transverse 
optical depth in the observable continuum is unity; below this layer we have a 
stellar atmosphere which can be legitimately discussed by the ordinary theory of 


radiative transfer, though it may well be necessary to allow for curvature by the 


nethods of CHANDRASEKHAR (1934) and Kostrev (1934), especially if the scale 
height is greatly increased by the expulsion process (breakdown of the hydrostatic 
hypothesis). KostREV showed that curvature could lead to a significant reduction in 
the colour temperature for a given spectral type, and thus accounted for the anomal 
ously low colour temperatures observed in several early-type stars: this anomaly is 
nowadays usually attributed to interstellar reddening, but the “intrinsic reddening” 
suggested in the atmosphere of P Cygni and other stars (SHERMAN and MoreGan, 
1939; BURBIDGE and BURBIbGE 1955) is probably due to KoOsIREV’s effect. perhaps 
in combination with an appreciable amount of continuous emission in an optically 
thin envelope. 

Adapting an argument given by SOBOLEV (1947). whose work will be discussed in 


some detail later. it is possible to obtain a relation between the electron density 
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V, at the limb and the stellar radius R,, assuming the density relation for a uni 
formly expanding shell, 


N, ( R) 


and the predominance of THOMSON scattering by free electrons as the source of con 
tinuous opacity.! By definition of the limb, the horizontal optical depth at R, is 
unity, 1.e. 


where co, is the cross-section per free electron and y is the distance from the limb to 


an element on a line of sight tangent to it. Hence 


where Ff is the solar radius. 

Above the limb, whether the atmosphere is expanding or not, the opacity is so 
small that continuous radiation longward of the Lyman limit undergoes very little 
further interaction with matter. Slightly shortward of the Lyman limit, the optical 
depth in the constant-ejection model is of the order of unity if the star is assumed 
to be a supergiant with ultra-violet brightness temperature 20,000°, though this 
value increases greatly for lower temperatures and luminosities. In any case, how 
ever, Lyman radiation becomes appreciably diluted before it has been absorbed and 
reemitted once or more; even when the Lyman optical depth is high, as in an H 1 


region surrounded by an HI region (STROMGREN, 1939), the majority of the transfer 


processes take place in the narrow boundary zone between the two regions, since it is 
in this zone of relatively low ionization that the opacity is concentrated. 

It follows that, in the greater part of the ionized region which is the source of line 
emission, the normal radiative transfer theory is inapplicable. The right approach 
is more likely to be along the lines of the Harvard Nebular Series (MENZEL, ALLER, 
BAKER, GOLDBERG, HEBB and SHORTLEY, 1937-1945). The detailed solution of the 
equations of statistical equilibrium has so far been carried out only for certain cases, 
and it is the purpose of this article to review the cases that have been discussed, to 
gether with their application to the quantitative observational material that is 
available, and to provide some suggestions for future work. 

The physical origin of extended envelopes is discussed by STRUVE (1942). Probably 
material is driven out by the radiation pressure of Lyman x and Lyman continuum 
radiation (MiyamMoTo, 1953). The corresponding problem for planetary nebulae is 
discussed in some detail by ZANsTRA (1949); the physical situation in envelopes is 
analogous to that in the nebulae and will not be discussed here. 


For Ne = 10??, in thermodynamic equilibrium, al sorption at the heads of the Balmer and Paschen 
continua is less than 10 per cent of Thomson scattering if 77) > 20,000°. 


f emission lines in the spectra o 


2. Basic MECHANISMS FOR THE PRODUCTION OF EMISSION LINES 


(i) The Schuster-Underhill Mechanism 


This is the only mechanism that can lead to emission lines in a “normal” stellar 
atmosphere, i.e. in one that can be considered as being stratified in plane parallel 
layers and in which no fluorescence processes occur. The basic theory was given by 
SCHUSTER (1905) in his classic paper on “Radiation through a Foggy Atmosphere” 
Imagine a uniform scattering medium of temperature 7’ and optical depth 7 
illuminated from below by continuous radiation of intensity S in a certain wave- 


length range. The emergent intensity is given in the linear-flow approximation by 


.{i) 


and decreases steadily as 7 is increased. Suppose now that line absorption takes place 
and that the excited state of the relevant atom is depopulated mainly by collisions, 
i.e. “pure absorption” occurs in accordance with KiRCHHOFF'’s law. If the optical 


depth is sufficiently large. the emergent intensity in the line is 


R ae i) Bale = are 


where b, T) is the Planek function and e is the ratio of absorption to the sum of 
absorption and scattering coefficients. In a stellar atmosphere, 2,(7') is likely to be 
comparable with S, so that the combination of continuous scattering with selective 


absorption is capable of producing emission lines. even for quite small values of €«. 


SCHUSTER considered the appearance of the spectrum for various values of 7 and of 
the ratio of S to B,(7), and showed that, with atmospheres of suitable temperatures, 
it was possible to obtain a dark line, a bright line, or a bright reversal in the centre 
fa dark line. For temperature increasing with depth in a grey atmosphere, SCHUSTER 
showed that the condition for emission is more easily fulfilled at longer wave-lengths 
and with lower temperature gradients, and concluded (wrongly) that the latter 
effect favoured emission in supergiant atmospheres. 

SCHUSTER’s theory was rediscussed by MILNE (1928) with the aid of the relationship 
between 7 and 7 derived from radiative equilibrium theory. By this time it was 
generally agreed that the transfer of continuous radiation was by absorption, while 
that in line frequencies was by scattering, in most cases. MILNE therefore concluded 
that SCHUSTER’s mechanism would be inoperative. 

More recently. however, the realization of the importance of continuous Thomson 
scattering by free electrons in O and early B-type stars (especially in supergiants) 
has led to a rehabilitation of this mechanism (UNDERHILL, 1949) for certain lines 
that may be considered to be formed by “pure absorption” if the gradient of B,(7) 


is not too steep. In a MiItNE-EpDDINGTON model with continuous absorption and 
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scattering coefficients «,.¢ and a selective absorption coefficient /,,, Miss UNDERHILL 
obtains the following condition for a line to appear in emission : 


b 0 
lta ») Ro(Acont)' > Pont \cank) n ,By(A . 
} 

where the Planck function is assumed given by the linear relation with mono 


chromatie optical depth 


and the functions R,, Ro. which involve A, and the first and second moments of 


CHANDRASEKHAR 8S function //(4) (CHANDRASEKHAR, 1947), are tabulated by Miss 
UNDERHILL. If near the stellar surface we assume the relationship between tempera 


ture and mean optical depth 


Th A(1 


S kT 
(] 
3 In 


and we can then apply condition (3) to a model atmosphere, if a suitable one is 


25,200° (UNDERHILL. 


available. 

It is of some interest to apply (3) to the model calculated by Miss UNDERHILL 
herself for an O 9-5 V star with surface temperature 7’) = 2: 1950), 
In this model, (x, l-O at A | micron, so that approximately 

h 
3) 

bh 
where A is expressed in microns. For a strong absorption line, A, 0, while 
is about 0-7. Hence (3) becomes 


4-S\J Ro(1) R5(0-7)! ‘ R(0-7). 


A 


which. on substituting the R’s. gives 
1-S micron. ee) 


In this model, therefore, no emission is to be expected except in the far infra-red. 


will be about 0 


In a supergiant, on the other hand, the electron pressure may be down by a factor 
of 10 and «,/a is likely to go down by a similar factor, so that A 2. 


In this case. our condition becomes 
.< i (90) 


1500 A 


so that one might expect emission in Hz and H§ in O9 supergiants, extending to 


higher members of the series for earlier spectral classes. However, the operation of 
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the mechanism requires a strong line formed mainly in accordance with the ‘‘pure 
absorption’ mechanism, and detailed model calculations. combined with a careful 
study of the emission profiles in, say, Of stars are needed to verify its importance. 


] 


_ Of emission lines usually show selectivities suggesting the action of fluor 


11) ¢ clic Processes nN a Plane parallel Atmosphere 


The non-zero central intensities of Fraunhofer lines are inconsistent with the 
hypothesis of pure coherent scattering. Their explanation demands one of the 
following: de-excitation by collisions. which is normally unimportant for an upper 

th low intrinsic lifetime; redistribution in frequency within the line; or inter 


with other lines and with the continuum (WooLLey. 1934: STROMGREN. 

935). This latter effect is based on the theorem of ROSSELAND (1926) that. in the 
presence of dilute black body radiation. evcles occur more frequently in the sense of 
ibsorption of high-frequency radiation followed by emission of low frequencies than 
the reverse sense: such cycles, especially those involving ionisation from the ground 
state followed by recombination to excited states, form the primary fluorescence 
mechanism which is almost certainly the main source of emission lines in early-type 
itmospheres. The Rosseland evcle represents the tendency of the diluted 
radiation to interact with matter in such a way as to approach more closely to 
thermodynamic equilibrium by reducing its own colour temperature; its effect is 


+ 
} 


naturally most marked in extended shells and planetary nebulae where the dilution 


factor W is very small. but it can also operate in the surface lavers of a normal star 


] ] 
+ 


is the Sun. which can be regarded as being illuminated by colour-temperature 
adiation diluted by a factor of 2 or 3 (the exact value depending on the spectral 
oradient in the relevant ionizing 


continuum, which is of course poorly known) 

Wool LEY studied the special case of Hy and H 31n the solal spectrum, taking Into 
account the mutual influence of 5 levels (the fifth being in the continuum) of a 
schematized hydrogen atom. WooLLEY showed that the minimum residual intensity 
ina line is (x— 1). where ~ is the ratio of downward to upward transitions that would 
have occurred in the presence of the diluted radiation undiminished by an absorption 
ne. The excess of ~ over unity is primarily due to the excess of recombinations to 
higher levels (a fixed quantity if ionization equilibrium at a given density and 
kinetic temperature is assumed) in comparison with absorbing transitions (the 
number of which is proportional to W), and is inversely proportional to W. This 
‘minimum’ residual intensity differs from the observed value by an amount depend 
ing on the local intensity of Lyman-z radiation. this dependence being strong for 
Hx and much weaker for HS. When this effect was taken into account. WOOLLEY 
obtained exereye | agreement with the observed central intensities of Hx and H8 on the 
solar disc. and with the sensitivity of Hz to local conditions as displayed in spectro 
heliograms. but the results require re-examination in the light of more recent values 
of the continuous absorption coefticient and of the fact that Lyman x, itself appears 
as an emission line; the latter phenomenon has been discussed recently as a fluores 
cence effect (DE JAGER. 1956). but this discussion depends on ecaleulations of the 
population of each level (GIOVANELLI. 1948) based on the physically unrealistic 
assumption of negligible line absorption in all series in the chromosphere. 

Woo. y's discussion led to the conclusion that. in a large tenuous envelope with 


negligible continuous absorption and a sufficiently small value of W, one could meet 
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the necessary condition for emission, x > 2, and that high stellar temperature would 
assist the process. 
A veneralized discussion of the effect of electron captures on the residual inten 


sities of resonance lines was given by B. STROMGREN (1935) for a schematized atom 


with a ground state, a single excited state, and a continuum. By considering the 


statistical equilibrium of the excited level. SrROMGREN showed that recombinations 
led to an extra term in the transfer equation, formally equivalent to a collision term, 
thus increasing the effective value of the parameter e. Stromgren obtained for the 
population .V,. of the excited level 


where 


the superscript “? refers to local thermodynamic equilibrium, J, is the intensity of 
radiation at the line frequency averaged over direction, ox; is the collisional ce 
activation coefficient, V, the electron density, Cy, the rate of photo-ionization fron 


the excited state. and Ap the spontaneous transition rate to the sround state. The 


corresponding source function in the transfer equation, S,, is given by 
enQ)B S(T) 


where » is the ratio of selective to continuous extinction coetticients and the eo 


rection factor QY, which always exceeds unity in a dilute radiation field, is given by 
14 


G. R. and E. M. BurpipGe (1952) used STROMGREN’s method to examine the 
central residual intensities of the first three Balmer lines. extending STROMGREN’S 
equations of statistical equilibrium to include transitions to and from level 1 and to 
take some account of stimulated emissions. The transfer equation included the 
effect of continuous electron scattering and was solved by CHANDRASEKHAR’S 
method. For this purpose, Y was replaced by 

()’ 
but. to avoid the necessity of solving two linked transfer equations simultaneously, 
€; €2 was assumed to be unity (corresponding to L.T.E. in the relative populations 
of the Lyman and Balmer levels). BURBIDGE and BURBIDGE obtained the following 
condition that the intensity in the line centre exceed that in the neighbouring 
continuum : 
0 


5b @ u—Yy) > 2 O'w, ares el} 
} 


where x, y, z. w are constants (in this approximation) for a given atmosphere at a 
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given wave-length involving the ratio «,/o of continuous absorption to scattering, 
«. 7, and the first and second moments of H(j;2). 

In agreement with Miss UNDERHILL, the BURBIDGES concluded that no emission 
can occur in a line formed by pure scattering, since Q’ only occurs with the factor 


)—this hypothesis gives the fluorescence processes no chance to influence 


e in (13 
the result. When « > 0. however, the conditions for emission are somewhat easier 
to fulfil than in Miss UNDERHILL’s case. For stellar temperatures between 20,000 
and 30,.000° and with plausible values of «, they showed that Q’« must exceed about 
{ for emission to occur in Hx, Hf or Hy in dwarfs or giants, the limit diminishing 
slowly with increasing temperature; such values might be expected from (15) if, 
owing to departures from equilibrium, €; > &. but not otherwise. 

These results suggest that the ScHUSTER-UNDERHILL mechanism is not very likely to 
work in most cases (since € is too small), and that the fluorescence mechanism nor 
requires an extended shell (with dilution factors appreciably less than }) to 
40.000-), 


mally 


produce emission lines except at very high temperatures ( 


(111) Fluoresce LCE mn anh Exte nie d Shell 


The “primary fluorescence mechanism” was first put forward in a definite and 
quantitative form by ZANsTRA (1927, 193la) for nebulae; stellar radiation on the 
shortward side of the Lyman limit causes ionization of hydrogen in the nebula; 
subsequent recombinations to excited levels give rise to emission lines in all the 
subordinate series and continua, notably the Balmer series. Owing to dilution in the 
nebula or shell. the neutral hydrogen is almost entirely in the ground state; hence. 
in accordance with ROSSELAND’s theorem, high-frequency radiation is degraded into 
low frequencies without being replaced by the reverse cycle (ionization from excited 
states followed by recombination to the sround state). A similar mechanism accounts 
for many of the other permitted emissions that are observed. e.g. those of helium 
and of ionized carbon. nitrogen. oxygen, silicon and iron, provided that the central 
star is hot enough: the emission of each ion comes from a region in which the atom 
concerned is predominantly in the next higher state of ionization. 

Each ultra-violet quantum that is absorbed causes the emission of one quantum 
n a line or in the continuum of the first subordinate series (such as the Balmer 
series), provided that the lines of the fundamental series are heavily absorbed. while 
those of the subordinate series escape with negligible absorption. In this case, a 
Lyman line is ultimately degraded into Lyman-x and a Balmer line (in some cases 
together with members of higher series). Making the additional assumption that 
virtually all quanta in the Lyman continuum are absorbed, ZANsTRA was able to 


apply this process to the computation of the temperature of the central star from the 


equivalent widths of the nebular Balmer lines in units of the underlying stellar 
continuuin. 

Elementary considerations based on this process lead to two important results: 
a relation between the stellar temperature 7’, and the electron temperature 7’, in the 
nebula (assumed for the moment to consist of pure hydrogen) and a relation between 
T,,. the density of the nebula, and the maximum size of the ionized region. An 
expression for the first relation was obtained by Eppine@Ton (1926), who calculated 
the mean kinetic energy of electrons expelled from the ground state of hydrogen 


by stella radiation in the Lyman continuum. The collisions of the expelled elect rons 
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with one another and with the atoms and ions rapidly set up a Maxwellian velocity 
distribution with kinetic temperature 


Te =~ $7,(1—kT,/%}), ares} 


where k is Boltzmann’s constant and X; the ionization energy from the ground level. 
More elaborate calculations of the electron temperature in an optically thin hydrogen 
nebula were carried out later by Baker, MENZEL and ALLER (1938), who took the 
various absorption and emission processes into account in detail and considered the 
energy balance; their results gave 7’, of the same order of magnitude, but somewhat 
higher. The results for a hydrogen nebula are in fact inapplicable to planetary and 
diffuse nebulae, because these are always cooled to temperatures close to 10,000° by 
the emission of collisionally excited lines, mainly of nebulium (ALLER, 1956a). How 

ever, the shells surrounding emission-line stars are normally of such a high density 
that no forbidden lines appear; in the absence of permitted transitions from low lying 
levels. collisional excitations are negligible (see below, Section 3 (vi)) and the results 
for a pure hydrogen nebula may therefore be expected to apply. 

The extent of the ionized region is limited by the absorption of ionizing radiation 
by the residual amount of the next lower ion (e.g. neutral H in the Hit region in 
which the H1 spectrum is emitted by the recombination of electrons and protons). 
A simple method of estimating the maximum extent of an Hirt region was first 
given by ZANSTRA (1931b), using the condition that the optical depth is of the order 
of unity, Le. 

R 
( oN dR 
a 


where R is distance from the centre of the star (radius R,). « the absorption 
cross-section per neutral hydrogen atom shortward of the Lyman limit (which may 
be placed equal to its value at A912, 6-3 x 10-18 cm?), and .V, the density of neutral 


hydrogen atoms, given by the ionization equation (neglecting absorption) 


_ tlt? h? Ts v /KTs ( 
NO i\SombTs) | T ain arr 


(PANNEKOEK, 1926), where N, is the electron density (nearly equal to the total heavy 
particle density V in the H region). From (18), (19), neglecting R, in comparison 


with R. one obtains 


. (20) 


ba 
bat 


where R~ is the solar radius. More elaborate treatments by ZANSTRA (1932) and 
STROMGREN (1939), in which the absorption factor e) *.¢® was taken into account 
in the ionization equation (19), led to exactly the same expression (20) for the 
extent of the ionized region. The identity of the two results is due to the fact that a 
co-operative phenomenon occurs at the point where the optical depth obtained from 
the simple expression (18) reaches unity; here the amount of neutral hydrogen 
becomes so large that the Lyman radiation is absorbed very rapidly and ionization 


virtually ceases in a very short distance. 
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This concept of stratification into successive limited shells whose stages of ioniza- 
tion decrease with increasing distance from the star is in good agreement with the 
observed stratification in the more symmetrical planetary nebulae (BOWEN, 1928; 
ALLER, 1956b). Analogous observations in the atmospheres of Wolf-Rayet stars 


will be discussed below (Section 3 (1)). 


(iv) Line Scattering in an Extended Moving Shell 


(‘oherent scattering in a stationary spherical atmosphere has been discussed by Miss 
UNDERHILL (1948), who showed that curvature of the atmosphere tends to reduce 
the central absorption. The simplest case is that of a thin spherical shell surrounding 


star of much smaller size. where it is clear that scattering produces no absorption 


i 


line at all unless an appreciable portion of the shell is occulted by the star. If the shell 
is moving, the total equivalent width of the line remains zero. but its energy is 
redistributed among absorption and emission components, as has been shown for 
the particular case of an expanding envelope by ROTTENBERG (1952) 

RoTrENBERG considers the idealized case of a geometrically thin spherical shell 
with radius R; and optical thickness 7(v) expanding with velocity v around a star of 
radius R, that emits a continuous spectrum ol specific Intensity F (see Fig. 1). If 
I(y. pl be the intensity of stellar radiation striking the inner surface of the shell at an 


angle cos-! uw to the normal, v being the frequency seen by an observer moving with 


that portion of the shell. the net flux scattered into all directions by unit area is 


] 
Ludw 2a lI(v, w)f e~ TWN udu. 


This flux can also be represented by the expression 


N(v)i / , pL dw 2rris 
where S(v) is the source function representing scattered radiation and the exponen 
tial integral function F(x) is defined by 


E,,( a a7 ndy 


Assuming coherence of scattering, S(v) can now be found as a function of J by 
equating (22) to (21). The introduction of non-coherent scattering will not alter this 
result if it is assumed that the line profile for emission is identical with that for 
absorption. 

Now radiation striking one point of the shell A at an angle cos~!u and with fre 


quency v is seen by an observer at rest relative to the star with frequency 
24 


and by an observer moving with another portion of the shell B (which emitted it 
before it was scattered at A) with frequency 


For 41 < Pp: |. where ea (1 
by the star ata point on the shell. 


for larger angles of incidence. 
Hence the emissivity is finally given by the integral equation 


ud pL 


bud. 
0 
Numerical solution of (28) leads to the calculation of the line contour by summing 
three components: the star as seen through the envelope, the backward half of the 
envelope as seen through the forward half. and the forward half, or “‘dise’’. Ina frame 


of reference that is stationary relative to the star, the emergent flux is 


1—nv/e pd t+ 1 Siv(] + LU/C) 54 
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The resulting profile depends on y, and on f, the ratio of expansion velocity to the 
Doppler broadening parameter, which latter includes the effects of non-uniform 


expansion velocity as well as the usual thermal and turbulent components. For 
3 > 3-3, pure scattering gives a broad undisplaced emission component with a 

in addition to a violet-displaced absorption line. B | gives a 
B 10 gives a doubled emission component so 


central reversal, 
simple emission component. while 
wide that it is hardly noticeable. The physical reason for this is that the forward 
and rear halves of the shell separate into two sources that are optically thick for 
their own radiation but not to each other’s owing to the Doppler shift (leakage effect) ,2 
if 8 is large. Each half-shell radiates like a surface in which a given interval yp to 
u +d in the cosine of the angular distance from the centre of the disk corresponds 
to an interval of frequency vo + uv/c to vot (u+dp)v/c; 
each element to the net flux is weighted by the factor yz, so that the maxima occur 
v/c and one obtains an intensity minimum at the 


as usual, the contribution of 


near the extreme frequencies Vo t 
undisplaced line frequency. The maximum on the violet side (coming from the 
forward half of the shell) is actually the lower one because of the lowering of the 
continuous background by the violet-displaced absorption of the shell. The weighting 
of radiation from each portion of the star by the factor » leads to an additional violet 
displacement in the minimum of the absorption-line profile. which is therefore un 
symmetrical (ef. Section 4(i1)). 

,\OTTENBERG proceeds to discuss the more complex case in which line radiation is 
generated by the primary fluorescence mechanism in an optically thin shell of radius 
Ro(< R,) and which leads to an additional term in the expression for the flux (28). 
Here the simplest cases are those in which Ry, Ro < R,, where the previous theory 
must simply be applied to a continuous stellar background modulated by an emission 
line, and that in which Ry, < Re R,. Both cases lead to the central reversal in 
the emission component; the absorption component is lifted bodily above the con 
tinuous background in the first case. and filled in by emission in the second. Inter 
mediate cases correspond very closely with the various types of P Cygni profile 
given by Beats (1950); the great merit of RoTTENBERG's elegant treatment is that 
the introduction of the scattering effect removes the necessity for special velocity 
distributions to account for the observed profiles. 

A further point of great interest pointed out by RoTTENBERG is the correspondence 
between the observed sequence of profiles of Hz in such stars as HD 190603 
(BraLs. 1950) and the caleulated sequence for increasing occultation by the central 
star. This affords direct evidence of stratification in the shell. the higher lines of the 
Balmer series being mainly emitted in regions closer to the star than the lower ones. 
Such stratification should be taken into account in discussions of the Balmer decre 
ment even in cases where scattering can be neglected; however, fluorescence among 
the higher members of the series is likely to lead to the same effect. 

It would be of the greatest interest to carry out a similar analysis for a rotating 
envelope with a view to calculating the profiles of Be spectra, certain features of 
which—especially the “red-violet asymmetry” of McLAvGHLIN (1931, 1933)—are 
already produced in ROTTENBERG'’S case Ro Rk, without taking rotation into 
account. 


The main limitation of RoTTENBERG’s theory is its reliance on pure scattering; 
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when the optical depth of the scattering shell is large, fluorescence will tend to 


increase the intensity of Hx and reduce that of higher members of the series, 


provided that the optical depths in the Paschen and higher series are low. The steep 


Balmer decrements observed in many cases (such as HD 190603) suggest that this 


process is going on; it is unlikely that stratification can entirely account for the dis 


appearance of the scattered emission components of the higher Balmer lines (since 


the scattering layers must be substantially the same for all of them), although 


it will naturally help to steepen the decrement for the components emitted by the 


primary fluorescence mechanism. 


(v) Selective Fluorescence 


Bowen (1934, 1935) pointed out that seven of the ten O 11 lines appearing in 
planetary nebulae originate either from the 3d 3P. state. or from states directly 


attainable by a downward transition from it; while other lines of the same and nearby 


multiplets (some lines of which are actually stronger in the laboratory than those 


observed in the nebulae) are missing. This fact, together with the presence of [O 11 


lines, virtually rules out recombination as a source of the O 111 spectrum and BowEN 


pointed out the coincidence between the resonance transition (2p)? 8P:— 2p3d 3Ps of 
QO 11, A 303-80, and that of He um (“Lyman ~’) at A 303-78. Owing to the finite width 


and displacement of the line profile, resonance quanta emitted by recombination of 


He 11 may be absorbed by O 111 ions (leading to fluorescence) as well as scattered by 


He 1 itself; ultimately each He 11 quantum is converted into one or more O11! 


quanta, after which only [O 11} appears. The occurrence of BOwWEN’s selective 
ne) Huorescence mechanism is confirmed by the very close correlation between the 
appearance of O 111 lines and A 4686 of He 11. The same mechanism also accounts for 
the N wt lines AA 4097, 4634, 4641 through the coincidence between the transition 
2p 2P. — 3d 2Doe.3 (A 374-44) of Num and the resonance line of O 111 A 374-436 
emitted by cascade after excitation by the He 11 line; furthermore, He u A 4686 may 
itself be emitted when He 11 in the metastable 2s state (to which it is excited by the 
high density of A 304 radiation) is raised to the 4p state by absorption of Lyman z, 
provided that there is a relative velocity of 120 km/see between the H and He 1 
atoms. 
Similar effects presumably cause the selectivities observed in certain stars with 
emission lines. In P Cygni, for example, the Si 1 triplet 4p3P?9—4d3D near A 3800 
appears purely in emission, while the triplet 4s 3S — 4p?P? near A 4560 appears mainly 
in absorption with just one emission component on the red side of A 4552 (STRUVE 
and Roacu, 1939). Similar behaviour is shown by the ultra-violet members of the 
same multiplet and also by the singlet transitions involving 4p?P° (Swrncs and 
StRUVE. 1940). The population of the 4p°P? and 4p!P? multiplets, common to both 
transitions. must be abnormally low, no doubt because the P? states cannot combine 
directly with the ground level. Similarly, Of stars show a selectivity in the emissions 
of N m1 (which here behaves very similarly to Si rin P Cygni), N tv, N v, C 11, Si rv, 
He 1, He 1 that is apparently uncorrelated with either excitation potential or meta 
stability (metastable levels are normally enhanced in population in the presence of 
diluted radiation); this selectivity becomes less marked as the intensity of emission 
increases and seems to have disappeared altogether in WR envelopes (Swinas, 1942). 
An exception to this is V444 Cygni (see Section 3(11)). 
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These selectivities are discussed very thoroughly by SwinGs and STRUVE (1942), 


whose conclusions we shall now summarize. The relative importance of recombination 


and selective fluorescence in exciting radiation of an ion A is proportional to 
Nal) 


_is the intensity of stellar exciting radiation and Nz, N4., Ne are the 
densities of 4, A” and electrons. respectively. If A is more abundant than 
ive fluorescence will tend to predominate provided that suitable emission 
ra strong enough continuum. since the geometrical dilution factor is high, 
der of 0-1) are present. In the case of He 1, fluorescence favours the singlets, 
he ground state is Is!S and intercombinations are absent, provided that 
is present in the exciting range AA 500-580. Thus singlets (e.g. A 4388) are 


he high excitation objects where He predominates and becomes about 
equally strong with the triplets (e.g. A 4026) in cooler objects such as P Cyegni. Pure 
geometrical dilution, on the other hand, favours the triplets (STRUVE and WuRM. 

Essentially. the high optical thickness in resonance lines of the singlet series 
radiation density in these lines compared with that of the diluted 


‘Sa high Ve 
' ' ; . ; 
um. so that they are able to induce Bowen fluorescence processes 1n the outer 


of the shell Similarly 14686 of Her is probably produced by the same 
nism as in nebulae 

he other hand. N m1 (A 4634 and A 4641) and € tt (A 5696) display selectivities 
n only be accounted for by a modified form of BOWwEN’s 


ater Of stars that ea 
N 1 absorption lines sug 


sm. In the earlier Of stars. the weakness of the 
N 111 emission is due to recombination, and the selectivity is much less 
SWINGS and STRUVE suggest that N is excited to the 


near A 374. from which AA 4634. 


In the late Of stars 
3d 2D level by absorbing continuous stellar radiation 
$6540) Op 2P 2 2) will he emitted in accordance with Rossi | AND S theorem, as in 
the case of Het. Since the level 3p 2P cannot be excited directly from the 
it is populated only by these emissions and its population is low because 


OToOul d state 
AA 4097, 4103 (38 28 — 3p 2P 


it has numerous downward transitions: hence the lines 


ippear In absorption, in contrast to the emission by successive cascade that one 
might expect. Exactly the same applies to Si mt in P Cygni and, mutatis mutandis. 
to many other cases. For the C 111 emission A 5696, however, Miss UNDERHILL (1958a) 
suggests that helium radiation, A 304. ejects a 2s electron from C+ in the 1s22s23d 
state. leaving it in the appropriate upper level 3 IDs 

A further departure from the situation in planetary nebulae is indicated by the 
absence. in many Of stars, of O 1 emission; perhaps BOWEN’s mechanism is here 
preve nted trom operating by a D yppler shift due to the expansion of the shell. as a 
result of which most excitation must occur through the absorption by each atom of 
its own exciting frequency (suitably Doppler shifted) from the stellar continuum. 
This process is naturally much more efficient here than in nebulae because the 
geometrical dilution factor is high. One might still expect O 111 to be excited, in the 
same way as N 111, by absorbing AA 300-345 from the continuum, but for some reason 
this does not appear to occur, may be because of the existence of strong intercombina 
tions. Where O 111 emission does occur. it is attributed by SWINGS and STRUVE to 
recombination. However. Miss UNDERHILL (195S8b) has shown that the O 111 emission 


resulting from BOweEN’s mechanism would be spread over so many transitions that 
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it would be very inconspicuous; she therefore proposes the explanation of the N mm 
emission by a direct application of BowEn’s cycle. 

OKE (1954) has argued that the emission lines of Of stars arise in the ‘‘stellar 

atmosphere” rather than in a “‘shell’’, 

(a) because the N 111 lines appear to be self-absorbed, requiring W > 1; 

(b) because the half-widths of the absorption and emission profiles are comparable 
even when the rotational velocity is high. On the other hand, the emission 
may be considerably red-shifted with respect to the absorption, a feature 
suggesting an expanding envelope in which, from (a), a significant degree of 
scattering occurs (ROTTENBERG'S case Rk, < Ro= Rj). 

This being so, OKE’s argument loses is force, since it only indicates that the emission 
and absorption lines are formed in the same region. Owing to self-absorption, the 
geometrical dilution factor is not applicable to line radiation. OKE argues further 
that the stellar radiation does not contain enough high-energy quanta to produce 
the emission; this argument is very sensitive to the temperature assumed, since 
0-1 A of the continuum (or an emission line of this equavalent width, corresponding 
to only +35 km/sec) at A 374 of a black body at 40,000° contains enough quanta to 
excite 0-5 equivalent angstrom of N 111 emission at AA 4634, 4641 (about the order 
of magnitude observed by OKE before correcting for underlying absorption lines—a 
correction which is self-cancelling provided that the shell is large enough for occulta 
tion by the central star to be negligible). Although nitrogen in the radiation field of a 
black body at this temperature should be predominently in the V?+ and N4~ states, 
it is reasonable to assume that the ionizing continuum for N2+(A < 264) is greatly 
depleted through photo ionization of N2+, C2+ (A < 259) and Het (A < 228) before 
it reaches the visible layers of the atmosphere (SWINGS and STRUVE, 1942). Hence we 
prefer the explanation in terms of fluorescence to OKE’S suggestion of mechanical 
excitation in the presence of a cooler star (7’, = 30,000°), which completely fails to 
account for the selectivity. A complete theory of line formation in these cases should 
discuss a combination of fluorescence with ROTTENBERG's line scattering mechanism :‘ 
such a discussion offers a most attractive opportunity to account for the existence of 
a series of related absorption lines, some of which are accompanied by emission while 


others are not. 


3. THe ANALYSIS OF EMISSION SPECTRA 


(1) Beals’ Hypothesis ? Recombination in a Transpare nt Shell 


A simple and fruitful assumption in the analysis of novae, Wolf-Rayet and P 
Cygni stars has been BEALS’ hypothesis (BEALS, 1934, 1940) that the mechanism of 
emission is identical with that suggested by ZANsSTRA for gaseous nebulae and that 
the WR, nova and P-Cygni type 


the emissions of successive stages of ionization 1 
spectra are stratified in the manner discussed for nebulae by Bowen (1928). Owing 
to the progressive absorption of ionizing radiation by successive layers of the gas, the 
highest frequencies are found nearest to the central star and successively lower 
degrees of ionization are encountered as one goes further out into the envelope. 
While stratification in the stellar envelopes is not directly observable, as it is in 
planetary nebulae, there is strong circumstantial evidence for it in the existence of 
emission lines from species of widely differing ionization potential (e.g. N v, [.P. 97v, 
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and He1. I.P. 24v. in WR stars: and Sit, I.P. 6v, and Hem, I.P. 54v. in P Cygni 
stars) and in the increase in line width in a single spectrum as the ionization potential 
diminishes. In P Cygni stars, further evidence for stratification is provided by the 


decrease in the emission : absorption intensity ratio with increasing ionization 
potential. The flat-topped line profiles in many WR and nova spectra are consistent 


with uniform radial expansion in a transparent spherical envelope, which could be 
either a full sphere or a thin shell; the increase of line width with diminishing ioniza 
tion potential then requires an outward acceleration of the moving material. Dis 
cussions of the line profile in the presence of velocity and emission gradients by 
GGERASIMOVIC (1933), CHANDRASEKHAR (1934b) and WILSON (1934) turn out to be 
difficult to apply in practice because they involve too many unknown parameters; 
however. it may prove possible to obtain details of the degree of outward accelera 
tion by comparing the line widths of elements in successive degrees of lonization. 
For this purpose, it should be possible to assume that each ion is concentrated in a 
shell in which the velocity does not vary significantly. On the other hand, line pro 
files without a flat top. as in P Cygni and some WR stars. require either a velocity 
gradient in the shell occupied by one ion, or a high degree of random motion, or self 
ibsorption. 

Beats’ hypothesis has an immediate application to the determination of the 
temperatures of emission-line stars by ZANSTRA’s method (BEALS. 1940; BEALS and 
HatcHerR, 1948; Beats and RorrensBerG, 1956). This is particularly valuable 
because. at the high temperatures of these stars. even a small amount of interstellar 
absorption or of continuous emission in the envelope introduces a large error in 
colour temperatures derived from measurements in the photographie region. On 
the other hand, the temperatures derived by ZANSTRA’s method are subject to some 


uncertainty for the following reasons 


Stars do not radiate like black bodies in the far ultra-violet 
The Lyman and corresponding continua may not be completely absorbed. 
The emission lines measured in the observable region do not represent all the 
quanta emitted by fluorescence. 

d) The emission lines may be cut down by self absorption 


e) Selective scattering and fluorescence may occult 


Of these difficulties, (a) is probably the most serious. In principle. the difficulty 
might be solved by an extended programme of model-atmosphere computations 
such as has been begun by Miss UNDERHILL (1958b): such a programme, however, 
would not only be very lengthy but also be open to the objection that fluorescence 
processes would occur to some extent in the stellar atmosphere itself, the separation 
of which from the envelope is inevitably somewhat artificial. A list of relevant 
emission lines in the far ultra-violet is given by Swinas (1942). Nevertheless. it 
would be of the greatest interest to carry out such a programme and test whether the 
distribution of energy in the ultra-violet continuum is consistent with the relative 
numbers of quanta emitted by ions of various ionization potentials. Owing to the 
confluence of numerous absorption lines near each series limit. the spectra will not 
in practice have the intense discontinuities predicted by models based on continuous 
absorption alone (STRUVE. 1951). (b) is probably a difficulty only in the case of 
hydrogen, since the limited extent of the shells corresponding to the higher ioniza 


tion potentials In planetary nebulae and emission envelopes (see below) suggest 
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complete absorption of the ionizing radiation. (c) is a difficulty that can be overcome 
very readily in the case of hydrogen by computing the relative probabilities of 
recombination to various levels from the formula of CruLiz (1932): these formulae 
can probably be extended approximately to other ions. The correction for hydrogen 
is not large, since the observed lines Hx—H6 obtain about } of the Lyman quanta 
(PAGEL, 1958) even if Lyman lines are able to escape, and multiplication of the 
number of quanta by this factor corresponds to an increase of only a few thousand 
degrees ir the ‘“‘photo-electric’” temperature. 

The self-absorption effect (d) can be examined by comparing the ratio of the 
intensities of two lines originating from the same upper level, e.g. a Paschen line and 
a Balmer line, with the ratio of the corresponding transition probabilities. Such 
measurements normally require spectrophotometry over a wide spectral region and 
infra-red spectra are thus particularly valuable. A study of the Paschen and Balmer 
emission lines (including the Balmer decrement) by KE. M.and G. R. BurBIDGE (1955) 
showed that self absorption is probably absent in the hydrogen emission lines of P 
Cygni, but present in those of the pole-on Be star y Ophiuchi. The exact effect of 
self-absorption depends on the solid angle subtended by the star at a typical point 
of the shell; in a large shell, seattered quanta still manage to leave eventually 
(though fluorescence effects will degrade them into fundamental lines of a series 
such as Hx), but in a small one a substantial proportion will be absorbed by the 
central star and thus prevented from appearing in the emission spectrum. 

Selective scattering and fluorescence (e) have already been discussed in Section 
In general, their effect can only be determined by a detailed discussion of the entire 
observable spectrum of a given species (demonstrating the presence or absence of 
selectivities) and of the state of excitation and ionization. Generally speaking, the 
existence of a recombination spectrum of anion A implies that A* is the predominant 
ion, so that A itself is not sufficiently abundant to cause much scattering unless the 
corresponding element is very abundant indeed (e.g. hydrogen) or unless the density 
is very high. Thus (e) probably represents a complete breakdown of the recombination 
hypothesis rather than merely a correction to it, unless there is a well-marked strati 
fication into an A~ shell, emitting the spectrum of A by recombination, and an A 
shell. absorbing this emission and re-radiating it through scattering and fluorescence 
If there is a sufficient difference between the two shells in the velocity component 
along the line of sight, the emission and absorption processes may, to a first approxi 
mation. be considered in isolation from each other. 

The consequences of BEALS’ hypothesis for WR stars were explored in detail by 
ZANSTRA and WEENEN (1950), who pointed out that the regions of emission by 
suecessive ions must be distributed with increasing distance from the star according 
to the following scheme, as represented by the tabulation on the top of p. 220. 
One restriction is that an ion of an element of low abundance may continue to emit 
its spectrum (due to recombination of the next higher ion) out. to the next boundary 
in the scheme, where all of its ionizing radiation will have heen absorbed by the 
next ion in order of decreasing ionization potential. Also, there may only be enough 
material in the shell to absorb radiation above a certain frequency that is higher than 
the limit A 912; in this case, the portion to the right of a certain vertical line will be 
cut off. Here ZANSTRA and WEENEN point out the following very interesting confirma- 
tion of the recombination hypothesis: in those cases where the WR star is the nucleus 


of a planetary nebula, the scheme carries on without discontinuity into the nebula 


mission lines in the spectra of early 


emitted 


itself. This result, which is of course quite inconsistent with any approximation to 
| thermodynamic equilibrium, has been confirmed in more detail by vAN PELT 
L957 it even holds for the forbidden lines and for lines excited by BOWEN’'sS 
tluorescence mechanism bearing in mind that these are both emitted by the “‘ab 
sorbing’’ ion. one stage lower than the “recombining” ion. In these cases, the division 
occurs between A 192 and A 350. 

ZANSTRA and WEENEN proceed to analyze the equivalent widths of four WR stars 
measured by BEALS (1934). Using the continuum of the underlying star as a standard 


of intensity. the number of quanta emitted by one ion in the whole envelope is 
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where w is the equivalent width measured in km see and 7, the stellar brightness 
temperature in the photographic range. Using CILLiz’s theory, the rate of recom 


binations per em? is 


C(R) = N(R)N,(R)Z. 3-26x 10-65 M(n—), 22. (2) 


where 7, is the electron temperature at a distance R from the star and W (n, 7',) is 
tabulated by CILLIE (1932). Z is the charge on the “recombining” ion and j the princi 
pal quantum number of the lowest upper level from which observable quanta are 
emitted; infra-red quanta are neglected. Assuming the ionization scheme to be cut 
off (Model II) between A 228 (He*) and A 259 (C2>), one has three regions: region 1 
with C tv and He 1 emissions: region 2 with C11 and He 11: and region 3 (extending 
to infinity) with C m1 and Het. By equating (1) and (2) for each region and summing 
the contributions to He 11 and C 111 emissions from the pairs of regions 1, 2, and 2, 3 
respectively, 5 equations are obtained from which the abundance ratio V,./.V,,, and 
the four other unknowns %j 9 L’,, ,, and LY» 3L'¢,, are easily derived. The result, 


which is virtually independent of T, and TT, over a wide range, indicates 
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a ratio C: He of 0-5 in two cases and 0-2 in a third; these three stars belong 
to the WC sequence. A similar analysis of the He: H ratio in a fourth WR star 
HD 192163 leads to the conclusion that hydrogen and helium are about equally 
abundant, in agreement with the conclusion reached by NEUBAUER and ALLER 
(1948) for HD 45166, on the assumption of thermal equilibrium. Since the analysis 
is independent of any assumptions regarding the distribution of ionizing radiation, 
it seems difficult to escape the conclusion that these abnormally high C abundances 
are real, though Miss UNDERHILL (1958b) has challenged the assumption of com 
plete ionization in each shell. Miss UNDERHILL makes out a plausible case for attri 
buting the bifurcation into WC and WN sequences to the characteristic shapes of the 
stellar ultra-violet continuum at different effective temperatures, the C spectra 
corresponding to about 50,000° and the N spectra to about 62,000°. However, her 
analysis ignores the effect of absorption lines (which would tend to blur the discon 
tinuities in the continuous spectrum) and of ionization from excited levels (which 
becomes important when the dilution factor and the optical depth of the shell for 
resonance lines are high); furthermore, line widths and the general state of excitation 
vary similarly along parallel sequences in the WC and WN stars (BEALs, 1940), 
Finally, ZANSTRA and WEENEN’s C: He ratio is confirmed in a separate analysis on 
the basis of an ionization temperature of 80,000° by WEENEN (1950), who finds this 
approach to be more self-consistent than the pseudo-thermodynamic excitation 
equilibrium assumed by ALLER (1943); WEENEN’s results are fairly insensitive to 
the ionization temperature adopted, since the relevant Boltzmann factors involve only 
the small ionization potentials from highly excited levels, but errors by a factor of 
2 or so could easily arise. The remainder of ZANSTRA and WEENEN’s paper will be 
described in the next subsection. 

The results of ZANSTRA and WEENEN, and of vAN PELT, provide impressive 
qualitative confirmation of BEALS’ hypothesis although there are many indications 
that the dilution factor is large, of the order of 0-1. This provides somewhat of a 
theoretical puzzle, since calculations by Miyamoto (1952) and KoGure (1953) 
indicate that ionization is mainly from excited levels (so that BEALS’ photoelectric 


temperatures near 80,000° are too high by a factor 2 or so) and that the Rosseland 


cycle is not strongly operative. However, observations of the eclipsing binary V444 
Cygni tend to confirm BEALS’ figures (see next section). In the light of SOBOLEV’s 
work, discussed below, it seems likely that the key to the puzzle lies in the expansion 
of the shell, which enables line radiation to escape through the “‘leakage” effect and 


thus acts in the same way as a low geometrical dilution factor. 


(ii) The Sizes and Densities of Wolf-Rayet Shells 


The diameters of WR stars are somewhat uncertain. Assuming effective tempera 
tures in the neighbourhood of 80.000°, BEALS (1940) finds a mean radius of 0°38 R 
for the planetary nuclei and 2-2 &. for the ordinary WR stars. BEALS infers from 
the smallness of these radii, compared with normal O stars of the same temperature, 
that the WR stars should have relatively small mass; otherwise the surface gravity 
would be too high to permit the ejection of material. No doubt the lower ejection 
velocities observed in planetary nuclei are correlated with their lower radii (SWINGS, 
1942). 

With regard to the size of the shell, the following features (Swinas, 1942) suggest 
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that —in accordance with dynamical theory (CHANDRASEKHAR, 1934b)—the emitting 
region is not much bigger than the star itself (R < 5R, at the most): 

|. The absence of dilution effects in the violet-displaced absorption components 

He 1 

The widths of the absorption components, assumed to arise from the difference 
between the velocity components along the line of sight of uniformly expanding 
material seen against the centre and edge of the stellar disk, suggest R =~ 1-2 R, 
on the average. This again presents something of a puzzle, since the occultation 
effect should produce a distinct asvmmetry in the emission-line profiles (CHAN 
DRASEKHAR,. 1934b). which is not observed. 

Results of fundamental importance on this question have been obtained from 
studies of the double-lined spectroscopic and eclipsing binary V444 Cygni (HD 
193576). which consists of an O-type star and a WN 5 star revolving in circular 
orbits with a period of 4°2. The spectrographic orbit was analyzed by O. C. WILson 
(1940). who found a minimum mass of 9-7@ for the WN component. The eclipsing 
binary character was demonstrated by S. GAPOSCHKIN (1941) and O. C. WILSON 
(1942) rediscussed the results with the aid of microphotometer tracings and a pre 
liminary photoelectric light curve by Kron (KRON and GORDON, 1943), finding a 
radius of 18-5 R. anda mass of 12°4@ for the WN component. WILSON argued 
further that. on BEALS’ hypothesis of an expanding envelope, the emission lines 
should have the velocity of the underlying star at the moment when the emitting 
gases were ejected, leading to a phase lag in the measured velocity. Since the observa 
tions exclude a phase lag greater than 0-01 of the period, corresponding to a travel 
distance of only 7 x 10° km 1OR . Witson concluded that the emission bands 
must be shifted to the violet through occultation by some hundreds of km/sec. 
Since this is not observed (on the contrary. there is a constant red-shift, of unknown 
origin, of 90 km sec). this observation cast serious doubt on the expansion hypothesis. 
BEALS. on the other hand, earried out a detailed spectro photometric study (BEALS 
1944). from which he concluded that “tidal” effects (already noted by WiLsown for 
He 11 A 4686) would remove the spherical symmetry and therefore upset the basic 
assumptions of WILSON’s “‘transit-time’” hypothesis. In contrast to WILSON, who 
found the WN component to be the brighter. BEALS deduced from a comparison ol 
the absorption and emission lines with normal stars of the same spectral classes that 
the O star is 1™7 brighter than the W star, in agreement with the original hypothesis 
of GAPOSCHKIN (1941). Assuming an effective temperature of 80,000°, he obtained a 
radius of only 1-3 Rk; this temperature may be too high. but the radius is fairly 


insensitive to it (roughly, visual luminosity « R,?7',,). Also, BEALS noted that the 


photoelectric light curve obtained by Kron and GorpDON shows the primary mini 


mum (W star in front) to be twice as wide as the secondary minimum: this suggests 
that the W star is actually quite small, with a high effective temperature, and is 
surrounded by a large non-luminous electron shell (KOPAL, 1944). Later analysis of 
the scattering coefficient suggested a maximum electron density of 2°« 1012 em 3 
Kopat and M. 8. SHAPLEY 1946). This value agrees well with the interpretation of 
the strength of He 11 A 4686 on the recombination hypothesis (ALLER, 1954). Finally, 
Bras found a violet-displaced absorption component of He 1 A 4471 which reaches 


from both components: fainter red-displaced absorption components of He 1 and 


hydrogen were observed at primary minimum, presumably arising from gas between 
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the two components and absorbing the light of the O star only. Hence there is direct 
evidence of extensive shells showing stratification (He 1 round both stars and He 1 
between them) in accordance with Beas’ hypothesis. 

Evidently V444 Cygni is a more complex system than had been assumed in the 
early analyses. KRON and GorbDON (1950) rediscussed their light curve. centred on 
A 4500, in conjunction with a new light curve in the red, centred on A 7200. The 
shape of primary minimum was shown to be independent of wave-length, in accord 
ance with Kopau’s hypothesis of electron scattering in a highly ionized medium. 
Owing to distortion of the shape of primary minimum by this process, the geometrical 
analysis was carried out solely from the blue observations of secondary minimum 
using the magnitude difference determined by Brats; a similar, though smaller, 
distortion in the secondary minimum (presence of wings) was attributed to the 
gradual eclipse by the O-star of non-negligible re-emission from the electron halo 
Adapting the standard procedure for geometrical analysis of light curves to the case 
of a uniform circular stellar disk surrounded by a fainter limb-darkened scattering 
disk, the secondary minimum indicated radii of 2-2 R. for the W core. 7 R- for the 
luminous disk, and 10 R- for the O star, the separation of the components being 
in the neighbourhood of 40 R.. A similar hypothesis (with different radii) fits the 
primary minimum; a completely opaque core of radius 4:4 R- is surrounded by a 
semi-transparent disk with transmission coefficient 0-86 and radius 17 R.. The 
uniformity of this transmission coefficient suggests the presence of a thin spherical 
shell of ionized material surrounding the W star, a hitherto unsuspected result. 
Since the analysis is only concerned with projections in the plane normal to the line 
of sight, these disks could all equally well represent spheroids prolonged along the 
line joining the two components. 

Hence the results of KRON and GORDON are. on the whole, consistent with BEALS’ 
analysis: a high effective temperature (though perhaps not as high as the 80,000° de 
rived by ZANSTRA’S method) is confirmed and the Het and He! shells may be identi 
fied with the opaque and the semi-transparent disks respectively. The luminous shell 
has a brightness temperature in the blue of 16,500°, corresponding to the measured 
colour temperatures of WR stars in general, and has about the same total luminosity 
as the bright core in this region; in the red, however, it is fainter than the core. so 
that its colour temperature turns out to be higher than that of the hot core. The 
absorption coefficient of the large spherical shell is equal in the blue and red, con 
sistent with THOMSON scattering. Some difficulties remain, however, in particular 
the absence of a reduction in emission line intensity during secondary eclipse; 
indeed, in the case of the eclipsing WR binary CQ Cephei, He 1 A 4686 is actually 
enhanced during eclipses (HILTNER, 1950). These effects must be attributed to 


departures from spherical symmetry, probably correlated with the effects described 


by Brats. However, HILTNER’s observations failed to demonstrate the presence of a 
significant amount of polarization in the continuum between eclipses. 

Further difficulties are pointed out in a spectrographic and theoretical study of 
V444 Cygni by Mtnceu (1950), whose observational results differed from those of 
QO. C. WILson in the velocities assigned to the y-axes of the absorption and emission 
components; in agreement with previous results of KEEPING (1947) for this star and 
of STRUVE (1944) and HILTNER (1945) for other WR stars, the latter vary from line 
to line (— 40 km/see for N tv A 4057 and +70 km/sec for N v, mean of AA 4603, 4619, 
the ‘true’ y-velocity derived from H 8, H 9and H 10in absorption being + 10 km see), 


224 Dxcitation of emission lines in the spectra of early-type stars 


MtNcH also pointed out complex variations in the appearances of the emission lines 
and of the violet absorption edges of He 1 (previously noted in other cases by BEALS 
and HiLTNeR). Furthermore. the absorption lines H 9 and H 10 of the O star appear 
broad and shallow at primary eclipse, an effect explained by MUNcH on the basis of 
non-coherent Thomson scattering in an equivalent plane layer of optical depth 
7 = 0-5. part of which probably arises in the outer layers of the O star itself. Further 
more, an appreciable part of the luminosity of the scattering envelope is shown to 
arise from scattering (and probably fluorescent re-emission) of light from the O-type 
companion; the resulting reflection effect might explain why the envelope does not 
become perceptibly fainter when the O star passes in front of it. 

MiNcuH points out some very interesting selectivities in the appearance of absorp 
tion edges to the emission lines of V444 Cygni, recalling the behaviour of Of stars. 
The Nim multiplet 3p 2P?¢—3d 2D. which is the only one to appear in emission in 
Of stars such as 9 Sagittae. here increases in intensity at secondary minimum much 
more than do other lines of the same ion. Similarly. the N tv multiplet 3p1P?—3d1D, 
which appears in emission in 9 Sge (SWINGS and STRUVE 1940b), appears here as pure 
emission: while the 3s 3S —3p3P2 lines (absorption lines in 9 Sge) develop an absorp 
tion edge at primary minimum. These effects undoubtedly represent the influence 
of selective fluorescence excited by the radiation of the O star: hence MiNcu’s 
conclusion that they invalidate BEALS’ hypothesis in general seems unjustified 

On the other hand. the presence of an electron-scattering envelope ol appreciable 
optical depth indicates that the calculation of line profiles without including self 


absorption effects is unjustified. THomMas (1947, 1949) found that self-absorption in 


i uniformly expanding atmosphere led toa peak at the violet end of the emission 
band (similar to the occultation effect). which is not observed; he concluded that the 
simple expansion hypothesis must be incorrect. and proposed a model in which the 
density gradient found for V444 Cygni is supported by vertical turbulent motions 
whose amplitude decreases outwards. The excitation is qualitatively explained by 
statistical equilibrium with an electron temperature near 10°, and with no stratifica 
tion. a conclusion that is inconsistent with the results described in the last sub 
section. MUNCH considers a compromise model in which expansion occurs with an 
outward deceleration. with turbulence. and in which the excitation increases out 
wards (i.e. towards the O star). Under these conditions. the electron optical depth Is 
sufficient to broaden the line profiles considerably, although expansion still plays 
the major part. The observed symmetry of the emission profile is attributed to the 
washing out of irregularities by continuous scattering and by the violet-shifted 
absorption edge (which. owing to deceleration. now penetrates nearer the centre of 
the line). This absorption edge. especially when intensified by its simultaneous action 
on both continua at times of conjunction, explains the anomalous red shift; this is 
absent in the N Tv line A 4603 because of the absorption edge of another line on its red 
side. The same explanation of the red shift was given earlier by SOBOLEV (1947) 
While Mtncu’s picture removes some of the difficulties inherent in BEALS 
hypothesis, and may indeed fit the case of V444 Cygni and similar systems, the out 
ward increase of excitation cannot be true in general in view of the results of ZANSTRA 
and WEENEN and VAN PELT. In view of the scrambling effects of electron scattering 
on the emission-line profiles. the difficulties due to the absence of noticeable effects of 
occultation or self-absorption do not appear fatal, though an exact treatment similar 


to that of ROTTENBERG. taking the curvature of the atmosphere into account. 
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would be of great interest. O. C. WiLson’s transit-time difficulty rests on dynamical 
assumptions that may not be valid. It therefore appears that Beats’ hypothesis is 
still a fruitful one, and indeed one that is confirmed by several independent observa 
tions. 

With this in mind, we may return to ZANSTRA and WEENEN’s paper, in the second 
part of which the radii of the emitting shells are calculated. Assuming uniform ex 
pansion, continuity requires the ion density of the dominant ion at distance R to be 


‘ 7 Ro? : Ro? 
N;(R) N;( Ro) V4 
R R? 


while the corresponding electron density in the sth shell is 


Ro? Ro? 


> ZN(R) = —)> ON a pal Ve Ro) 


font R? 
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In Model IT. 


and 


so that the g’s are known from the relative abundance of C and He if electrons 
supplied by hydrogen and other elements are neglected. Using these results, one can 
now integrate (2) over the volume of each shell and equate to (1) 
R 
+E | +7 R2C(R)IR 


R 


, Yr, 
N 4N (Ro) 4a. 3:26 x 10-6Z Min a ) Ro'gs 


R, 


YL’ is known from the line intensities and the previous analysis. R3 ©. and the 
ratios R,/Ro. Ro) Ro are now determined from two simultaneous equations involving 
the observed quantum ratios Civ: C1 and Heir: Het. Assuming 7’, 50,000 
(the photo-electric temperature obtained from hydrogen), Ro as it is now 
possible to derive the absolute densities of electrons and of each ion from the equiva 
lent widths of the emission lines; assuming Rk, = R. one obtains N ,( Ro) 1013. in 
fairly good agreement with other determinations. Ry/Ro ~ 1-1, while R2/ Ro ranges 
from 1-1 to 1-6, in agreement with other evidence for a small emitting shell. Finally 
these figures are used to verify the assumption of complete ionization in each shell. 


(iii) The Sizes and Densities of Transpare nt Ene lope s from Hydroge n Line Intensities 
P Cygni Stars 

Assuming BEALS’ hypothesis, it is possible to apply an analysis similar to that of 

ZANSTRA and WEENEN to determine the densities and equivalent radii of transparent 
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shells of P Cygni stars. in which the spectrum of hydrogen is prominent. The evidence 
from the Paschen: Balmer ratio and from the ‘‘nebular’ decrement that self 
absorption is negligible in the Balmer spectrum of P Cygni itself (BURBIDGE and 
BURBIDGE, 1955) has already been mentioned. 

We assume the envelope to be opaque in the Lyman series, so that each Lyman 
line emitted is absorbed at another point (ZANSTRA, 1926: Case B of BAKER and 
MENZEL, 1938): in this case. each downward transition to the ground level is balanced 
by an inverse transition, so that the existence of this level may be ignored. The 


number of quanta emitted per cm® per sec in a Balmer line is simply 


0) V,Ano 


vH Vnan?2: 


where .V, is the number density of hydrogen atoms in the nth level and A,,,,. is the 
relevant transition probability (n’ < n < n”). Neglecting photo-excitation by line 
radiation and photo-ionization from the third and higher levels. the steady-state 


condition gives the equations of statistical equilibrium for each level: 


where (¢ is the rate of spontaneous recombination to the nth level. caleulated by 
CILLIE (1932). Stimulated recombinations are virtually balanced by photo-ionizations 


if high temperatures Summing (S) over 7 3tO & we have 


ee — — 


n—3 n=—3 nN 


S NeAes 4 ee 24S 


> = | 
in which the double sums on the two sides of (9) are equal (ef. MENZEL, ALLER and 
BAKER. 1938). Hence 

MMs ie 


, a — 
n 


number of quanta emitted in the Balmer series is equal to the total 

number of recombinations on levels » > 3. a result which is reasonable on general 

erounds since each recombination must ultimately lead to the emission of a Balmer 

quantum and other sources of excitation are neglected. At some. probably fairly 

value of x our assumption of opacity to Lyman lines must break down, requir 

¢ the application to each term on the left of (10) of a correction factor (A y1+ A ,2) 
Aye. However, since 90 per cent of the Balmer quanta are in fact emitted in Hz 

this correction is probably of little importance in most cases 
10) may now be applied to measurements of equivalent width. Assuming the star 
to radiate in the observable region like a black body of temperature T.. and 


neglecting occultation. we have 


tx | SC, (RB) dR Sm2cR,2 > 


R 


n=3 n 


where w, is now the equivalent width in em. Furthermore. 


(',(R) N,(R)N p(B) 3-26 x 10-6 Min, T, 
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and. assuming uniform expansion from the stellar surface, 


A R) q N(R) qv, ( R.. RR? kR2. 


where q < le 
Combining (11), (12), and (13). 


qv" 


where V ,(R,.) has been replaced by NV ,. 

We confine our attention to two cases: P Cygni itself, for which measurements 
have been carried out by BEALS (1950), BURBIDGE and BURBIDGE (1955), and others: 
and AG Pegasi, which is of particular interest owing to the presence of Zeeman 
splitting (BaBcock, 1958), and has recently been studied by BEALS (1950), MERRILL 
(195la, b), by TCHENG Mao-LIn and Biocu (1952) and by BuRBIDGE and BuURBIDGE 
(1954). In general, we take the BURBIDGES measurements. However. their measured 
equivalent width of Hz in P Cygni appears to be too low, owing to over-exposure, 
and the value given was increased by 40 per cent, to bring it up to the value expected 
from the Balmer decrement. In AG Pegasi Hz was not measured, and a hypothetical 
value was deduced from the Balmer decrement; Hf and Hy were increased by about 
50 per cent to allow for an apparent self-absorption effect (which may also be due to 


over-exposure). These points are of some importance. because Hx — y contribute the 


vast majority of the Balmer quanta. The details are given in the following Table | 
Table | 


P ( + Peg (HD 2 


POLO00 25,000 


15.000 2 OOO 


3:2x10 3x10 


In Section 1, the condition that the tangential optical depth due to electron 


scattering be unity at the limb led to the result 
N, 6°85 = 1Lol?(R,. R ) lL oa 6 ow Re) 


Combining this with the results obtained above, assuming 1. we obtain the 
following solutions for R, and V,: Table IT. 
The resulting values of R,, may be compared with those derived from the absolute 
magnitudes given by BEALS (1950) and from our assumed effective temperatures 
7’... using the equation 
DSLO 
log( Ry, R ) T 0-20... 0-04+0-5 log(I 1() —11.570/ 7.) 
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(ALLEN, 1955). The resulting radii differ by factors of the order of 2, which is not 
surprising in view of our rather arbitrary choice of 7,. 7. and also in view of the 
uncertainty in W/.... For example, Miss RoMAN (1951) has attributed the observed 
colour of P Cygni entirely to interstellar reddening, leading to a corrected absolute 
magnitude J... 8-3. which would give a radius in fair agreement with our high 
value. On the other hand. our value of 1-15 Rk. for AG Peg seems less likely than the 
value of 3-8 R. deduced from the absolute magnitude. Possibly equation (15) is 
inapplicable owing to an appreciable contribution of neutral hydrogen to the con 
tinuous opacity. Owing to the uncertainties involved (in 7',, 7’~, and W,..). it does 
not seem worth while to try to improve the agreement by adjusting the unknown 


parameters. However, we do end up with fairly reliable values of V.. which should 
ie somewhere between the two values given in the table. It is of interest to note 
that the mean value of , for AG Peg deduced by the BuRBIDGEs from the INGLIS 
TELLER formula is 1-5 x 10!"; it is quite reasonable that this should be slightly less 
than our value. since it refers to the emitting region asa whole (see equation (20)) 
ind the order-of-magnitude agreement seems to be strong evidence that the emission 
occurs in the immediate neighbourhood of the surface. This result was reached by 
the writer by a somewhat different, though logically equivalent, method (PAGEL 
1958). in contrast to the BURBIDGES conclusion that the shell extends to 400 stellar 
radii. In the same paper. the writer obtained an estimate of 4-7 x 101! for the mean 
electron density in the P Cygni envelope: according to the present results, this value 
ippears to be much too high. probably because the assumption of complete absorp 
tion of Lyman continuum radiation, on which it was based, does not hold. 

This last point 1s of some interest, and we now test it by means of PANNEKOEK s 


loOnization equation 


i) { 


1 (4 104 


where 7’; is the brightness temperature beyond the Lyman limit, here taken as equal 
to T',. The radial optical depth at the Lyman limit is 


y. | Nj ( R)dR 


] (68538. 7 
104 


Taking (R,/R-)gN 2 and the temperatures from Table I, 
T] ()-29(P Cyg) and 2-31 (AG Peg). 


We thus see that. with the figures given. the envelope of P Cygni is completely ionized 
at all distances, while that of AG Pegasi is a bounded H 11 region (since 7; > 1). 
This fact is perhaps correlated with the rather curious observation of TiO bands in 
the spectrum of AG Peg, which has been attributed to the presence of a late-type 
companion (BEALS, 1950). In our view, it seems not unreasonable that a late-type 
spectrum might form in the outlying H1 region, where high-frequency radiation is 
no longer present; however, detailed calculations will be needed to test this possi 
bility. This theory has been put forward by SoBoLev (1947) to account for late-type 
stars with emission lines. 


The H 11 region comes to an end at a distance FR; from the star, where 


71(R}) | T1(1 Pea R,) 2°31(] R,, R;) ; . (19) 


Hence R, 1-77 R,. This in turn requires a correction to the result in Table I. since 
this was derived on the assumption that the emitting region extends to infinity 
However, R, has been under-estimated here because the dilution factor near the 
surface is greater (nearly by a factor 2) than the usual approximation R,?/4R? 
assumed here. Hence 7, will actually be of the order of 1-5 and Ry ~ 3R,. Further 
more, we have neglected ionization from the second quantum level. In view of the 
uncertainties, it is not worth while to carry the analysis further at this point. 

Before leaving the uniform-expansion model, it is of interest to calculate the mean 
electron density \V, and the mean dilution factor W in the shell, assuming this to 
extend to infinity. Since the rate of emission per unit volume at radius R is pro 
portional to V,2(R), we have 


| N 3 R)R?2dR 


Similarly, 


12 Sis ee 4) 


from the simple formula for W, though this is actually a lower limit. The value N, 
obtained from (20) for AG Peg is in excellent agreement with the BURBIDGES’ value 
derived from the Inglis-Teller formula. The observational measurement of W is more 
difficult, even if it is assumed that the absorption lines arise in the same region as the 
emission lines. STRUVE and Roacu (1939) obtained W ~ 0-05 for Het and W > 1 
for H, which they suggested might be due to metastability of the 2s level. BURBIDGE 
and BURBIDGE (1955) overcame this difficulty by studying the Paschen absorption 
lines and obtained W ~ 0-5. The values for He and H are thus rather discrepant, 
but they bracket the theoretical value of W quite satisfactorily. 

We thus see that the idealized picture of uniform expansion gives a fairly satis- 
factory representation of the observed intensities of lines in P Cygni stars. It is also 
very attractive mathematically. However, there must be considerable turbulent 
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motions present; the picture of an optically thin, uniformly expanding envelope is 
inconsistent with the observed line profiles. Hence it is of interest to analyze the 
emission intensities on the basis of an envelope with uniform electron density N,. 
a model which is just as simple and may represent a crude approximation to a situa 
tion with strong turbulence. In this case the emitting envelope is regarded as roughly 
with a sharp boundary at a distance ak, from the centre of the star 


spherical, 
1954, 1955). The method used by the BuRBIDGES to 


(BURBIDGE and BURBIDGE, 
derive a from the hydrogen emission-line intensities has been criticized in detail and an 
alternative analysis proposed (PAGEL 1958); this analysis assumed that the popula 
tions of the higher levels are given by the statistical-equilibrium calculations for 
Case B ina planetary nebula (BAKER and MENZEL, 1938), which is logically equivalent 
to equation (10). We now adapt the discussion just given to the uniform-density 
the validity of the assumption will be discussed in the next sub-section. 
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The assumed values of qn. 2 and R.. R : together with the resulting values of a. are 


given in Table ITT. 


For AG Peg, the present value is entirely in agreement with that derived previous 
lv: for P Cygni it is much greater because of the lower electron density (by a factor 
10) assumed here. The discrepancy from the BURBIDGES’ value is due to their method 
of analysis. which involved the assumption that 1 per cent of the neutral hydrogen 
atoms are in upper levels giving rise to measurable Balmer lines. 


The value a = 3 is actually inherent in our present analysis, since it is based on an 
electron density deduced from the uniform-expansion model: such a model is always 
equivalent to a uniform-density envelope of radius 3R,.. as can be seen by comparing 


(14) with (22). bearing in mind (20). 
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(iv) Statistical Kquilibrium in a T'ranspare nt Hydroge n Enve lope 
For a discussion of the Balmer decrement, it is necessary to know the distribution 
of hydrogen atoms among their various excited levels, including the continuum 
If we write the combined BoLrzMANN-SAHA equation in the form suggested by 
MENZEL (1937), the density of hydrogen in the nth level is 


) ex a7, 


is a numerical factor to be determined from the equations of statistical 


)< 


2ambh iy 
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where b 
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equilibrium for each level: 
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n’=] l 2 
where F,.,, represents a spontaneous transition from level n” to level n and Fn, 
} 


previous subsection, stellar radiation was ignored (except as a source of photo 


Mk 


represent spontaneous recombination and photo-ionization respectively. In the 


ionization from the ground level). This is the “nebular” case with F,,, Py. 
Pan 


various electron temperatures by BAKER and MENZEL (1938). 


0: the appropriate values of 6, for 3 < n < 30 have been calculated for 


We now proceed one step further and inquire to what extent these results require 
modification in an envelope surrounding a hot star, assuming this to radiate as a 
black body of temperature 7’,. Essentially, we have to include RorrENBERG’s scatter 
ing effect, together with fluorescence processes. The b,’s have been calculated for 
the nebular case C (Case A with inclusion of the stellar radiation field in the Lyman 
lines) by BAKER, MENZEL and ALLER (1938), but the very low values of W in nebulae 
permitted these authors to neglect induced emissions, which would be inappropriate 
here (W o~ 0-1). As has already been mentioned, the effect of photo-ionization and 
photo-excitation on the higher levels is greatly reduced in our case by the induced 
emissions, except in the case of photo-excitation from the second level: this suggests 
that the “nebular” },’s (without the radiation field) may for high » be multiplied 
by a correction factor (1+ F'2,/2C,), but that more complicated corrections will be 
required for the lower levels. The factor 2 in the expression (1+ F'2,/2C,) arises from 
the fact that recombination and population by cascade from higher levels are about 
equally frequent for high 7. 


The various terms in (24) are given by the following expressions: 


F Ny-An 
10-67.N,2gM(n. T,). 


where g is the mean Gaunt factor for the relevant continuum. 
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where x, is the absorption cross-section for photo-ionization at the absorption edge 
v, and x9 = hv, kT,.. (28) may be rewritten in the approximate form 


| 
e-2.2/7. \By(x9) 
by 
For small 29. (29) is invalid, but the whole term is then very small in any case. 
\ complete solution of equations (24)-(28) would involve a rather elaborate series 
of computations, suitable for an electronic computer. At present we restrict ourselves 
to the special case 7, = T, 20,000°, Case B, with the simplifying assumption 


that 45 and higher b,’s may be obtained from the values calculated by BakER and 


MENZEL (1938) by multiplication with the crude correcting factor (1+ F'2,/2C,). 


We then have the following equations of statistical equilibrium 


which must be solved simultaneously to vield hy he ho as functions of W. The results 


nivel in Table lV 


PO.U00 


The b,,'s for W 1-0 should of course all be unity and then departures from this 
value give a rough indication of the accuracy of the computation: bo, bg and by are 
good within about 10 per cent. while the higher 6,’s become progressively worse. 
Thus our crude correction to the higher b»’s. though not sufficient to determine them 
accurate ly. does appeal cood enough to determine by, he. by. The values for VJ ) 
are quite similar to the results obtained by Baker, MENZEL and ALLER (1938) for 
Case C. when it is borne in mind that in our case the second quantum level is effect 
ively the ground level: the 6,’s are all greater than or equal to | and diminish 
sradually with increasing 7 leading to a steeper Balmer decrement than the “‘nebu 
lar” one. For n > 5, by, is never very far from 1, and b, | seems to be a suitable 


working approximation, 
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In Fig. 2 we compare the Balmer and Paschen decrements (in terms of numbers 
of quanta, taking Hé 1) predicted from Table IV (W 0-1) and from the 
“nebular” b,’s (Case B) with the measured values in the spectrum of P Cygni 
(BURBIDGE and BURBIDGE, 1955). Fig. 2 also shows the Balmer decrement for AG 
Pegasi (BURBIDGE and BursBipger, 1954). It is clear that the observed values agree 
better with the “nebular” decrement than with the present theory; this result is 
quite insensitive to our choice of 7’, and 7',, although the relative level of the Balmer 
and Paschen lines is sensitive to 7’,. 


Since our analvsis differs from that of BAKER and MENZEL (1938) mainly in in 
cluding excitation by radiation in the Balmer lines, it appears that, in the envelopes 


of P Cygni and AG Pegasi, such excitation does not occur; its absence must be due 


} 
Paschen f 
Table IV (W=0+1 


case 5, / 


Balmer and Paschen decrements in P Cygni, and Balmer decrements 
in AG Pegasi, both by numbers of quanta (H8 l). 


to the presence of strong absorption lines in the stellar spectrum as seen from a 
typical point in the envelope. Hence the Balmer absorption lines that are observed 
in P Cygni cannot be formed further out than the emission lines. They must in fact 
be formed near enough to the star for most of the re-emission to be removed by the 
occultation effect. The spectrum of AG Pegasi, which has varied considerably over 
the years, showed no hydrogen absorption lines when observed by the BURBIDGEs in 
1953: presumably underlying absorption lines are filled in by the very intense 
emissions. Owing to the DoprLer shift caused by the expansion of the shell self- 
absorption appears to be absent except possibly in the very lowest members of the 
series (for which the measurements are uncertain) and the excitation of hydrogen is 
identical with that in a planetary nebula in which the radiation from the central 
star is negligible. 
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We conclude this discussion by calculating the optical depths of the envelopes of 
P Cygni and AG Pegasi to Balmer line radiation emerging from the central star, 
ussuming no radial velocity-gradient and a Doppler broadening parameter of 50 


km/sec. The optical depth is 
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32) with F»2 0, and the higher 6,’s calculated by BAKER and MENZEL 


20.000 


“ O-YS x 10 “lgN.*(h, R 


where A», is in microns. Taking g.V,2(R, R ) from Table I, we obtain the values of 


Té v1ven helow Table V 


The values obtained for P Cygni are consistent with the observed “shell” absorp 
tion spectrum: they suggest that the emission from the lower members of the series 
should be cut down by self-absorption, but that higher members should be free from 
it (even when To, > 1) owing to the Doppler shift of the absorption profile along 
any ray that is not travelling radially through the expanding shell (“leakage effect). 
We conclude that our analysis of the P Cygni envelope in terms of pure recombination 
without self absorption has been substantially correct 

The optical depths for AG Pegasi, however, turn out to be so high as to cast serious 
doubt on our analysis, even though they should be cut down by a factor of 2-3 or so 
to take account of the fact that the ionized region extends to 1-8 R,. and not to in 
finity. With such high values of 72,. self-absorption must be important not only in 
the Balmer series, but probably in higher series as well. Under these conditions. the 
observed Balmer decrement is not very different from the ‘nebular’? decrement. as 
has been shown by SoBOLEV (1947). SOBOLEV's theory will be discussed in Section 
$(11). 

(v) The Distribution of Hydroge n Atoms among Sub-levels 


The foregoing analysis has assumed that. for each value of the principal quantum 
number n, the relative populations of sub-levels with different azimuthal quantum 
numbers / are simply proportional to their statistical weights (2/+1). The use of 
integrated transition probabilities Aoy. rather than A n in subsection (iv) 


nN 
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was dependent on this assumption; on the other hand, our analysis in (iii), which 
simply equated the number of Balmer quanta to the number of recombinations, 
Was not. 

The assumption will not, in general, be true in the presence of purely radiative 
processes, since different sub-levels are formed by recombination at rates proportional 
to their statistical weights, but have different lifetimes. On the other hand, an 
equilibrium distribution among sub-levels will be brought about by collisions, if these 
are sufficiently frequent in comparison with radiative processes. 

The rate of collisional excitation of 2s—2p transitions has been calculated by 
SEATON (1955). The predominant effect is due to proton rather than electron impact 
and the total transition rate is 4-7 x 10-4N, cm? sec”! for 2s + 2p and 1-6 x 10 
NV, cm? sec! for the reverse process, assuming 7’, 20,000°, ¢ 1. Since the 2s 


level is metastable and the 2p — Is transition is assumed to be exactly balanced by 


its contrary, these processes compete with photo-ionization, the rate of which is 
1-2 10°W see! if T= 20,000°, and with population by cascade from higher levels, 


2 


the total rate of which is of the order of 10-13 N ,2/No ~ 10°W sec~!. It is clear that 
the second level is populated by cascade and depopulated by ionization slowly 
enough for collisions to set up a fair approximation to the 2s — 2p equilibrium. 
Among the higher n’s, collisional redistribution is likely to be more efficient so that 
the statistical-weight distribution may be still more nearly approached,’ but quanti 
tative data are not yet available. 

In any case recent work by SEATON and his collaborators suggests that the Balmer 
decrement is little affected by the resulting change in distribution among the sub 
levels. Since we have chosen a case in which the 2p state behaves in effect quite 
similarly to the metastable 2s state, it is unlikely that the results of (iv) will require 


more than a very slight modification. 


(vi) The Importance of Collisional Excitation and De-excitation of Hydrogen in 
Emission Enve lope Ss 

A further assumption, made in both (iii) and (iv), was that collisional excitation 
to the levels n > 3 is negligible in compariscn with radiative processes. We shall 
now verify this assumption by means of the calculations of CHAMBERLAIN (1953), 
according to which collisional ionization and excitation of hydrogen tend to become 
important in gaseous nebulae when the electron temperature 7’, appreciably exceeds 
10.000". We shall use his results to compute the relative frequencies of various 
collisional and radiative processes in shells, bearing in mind that the electron density 
NV, is about 109 times higher and the dilution factor W about 1012 times higher than 
in a typical planetary. 

The equation of statistical equilibrium for the nth level in Case B may be written 


M. J. SEATON, private communication. 
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where the F's represent radiative transitions, the 4's represent collisional transitions, 
and terms of the form ¥,»°. Fn’n (n’ ¥ 1) are neglected. 
) 


Dealing first with the right-hand side of equation (36), and considering the re- 
combination term which is independent of W, we have, neglecting the Gaunt factor, 
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where dmv, vn and x,(7'-) is tabulated by CHAMBERLAIN (1953). To compare 
37) and (38), we need to find .Y;, which we do by writing down the equation for 
statistical equilibrium of the ground level in the presence of diluted black-body 
radiation of colour temperature 7’, and neglecting excitation by Lyman line radia 
tion. 3 hody recombinations and stimulated captures 


(Fo dv+ NN-«,.(Te) 


LOY WE; | 


if 7, < 40.000 
Assuming T, = T, T (which is a plausible approximation in the absence of 
forbidden lines), the two terms on the left of (39) may be deduced from Table VI. 


VI 


10). 0d000) 
2 O00 


40.000 


Taking as typical values V, 1012. W = 10-2, the radiative ionization term 
exceeds the collisional term by over 100 if 7, > 15,000°, and this predominance will 
be greatly accentuated if, as the calculations of BAKER, MENZEL and ALLER (1938) 
suggest. 7’. is a few thousand degrees less than om Hence collisional ionization from 
the ground level will be negligible except at the boundary of a Strémgren H 11 region 
where WV must be replaced by W,-7 with 7 ~ 10; this region, however, is too small 


to contribute appreciably to the emission. 
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In the interior of the ionized region, we thus obtain 


1-14 x 10 -16¢157820/7.7, 17" -l. 
which is equivalent to PANNEKOEK’s ionization equation. 
We are now in a position to compare C,, and 4,,. The ratio is 
Fin N, Nia,(7'.) 
Cn 326 x 10-6 N2n-BT -Hekw #TE (yn [kT ) 
eXx,/kTs 
KT EV (xn/ kT) 
Assuming again 7’, T,, (which naturally gives an upper limit to the relative 


importance of collisions), we have the following values of 


LO.Q00 10.000 


85 x 107}! ) 2 > ® 2-03 «10 


Below the broken line, 4;,/Cy, < 1 per cent if WN, 10-14, Collisional excita- 
tion actually increases in importance with decreasing temperature, owing to the 


rise in V;, but naturally decreases very rapidly if 7’, is reduced for a given T,,. Thus 
if we interpolate in the results of BAKER, MENZEL and ALLER (1938) to find 7, 


corresponding to the above values of 7’, for an optically thin nebula, we have the 
following for (W/N ,)(Fin/Cn): 
Table VIII 


11.000 2? OOO 14.000 
10,000 P2O.000 10.000 


2.910 O-SO0x« 10 
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Even with these slight differences between 7, and 7, the ratios #;,/Cy are 
greatly reduced: the greatest value reached is 18 per cent for n i 11,000 


WIN, 10-14, and the other values are of order | per cent or less. Thus, even with 


out considering the additional radiative processes entering equation (36), we may 
conclude that collisional excitation from the ground state is negligible in comparison 


with other processes populating each level. 


Collisional excitation from excited levels.—The cross-sections for collisional excita 
tion from, say. the second quantum level to higher levels are unknown. To estimate 
their order of magnitude very crudely, we may take the values of x,(7',) and augment 
them by the relevant BOLTZMANN factor 10°14107., We thus have 


~ 1051410/TeN Nan (Te) ~ 

by 
Ina shell that is optically thick in Lyman z but transparent to the Balmer and higher 
series, both b; and bz are proportional to 1/W. One may therefore expect Jo, to be 
comparable with ¥,, in order of magnitude. Terms 73, ete., will be very much 
smaller, because bg, etc., are less sensitive to W and generally somewhere in the 
neighbourhood of unity if the medium is transparent to radiation arising from the 


depopulation of these levels (see (iv)). 


Collisional de-excitation—Detailed-balancing arguments give the following re 
lation between the collisional de-excitation coefficient 8,(7',) to the ground level and 
the corresponding excitation coefficient z,(T7'-). 


| - + 
| ()63938 n re ree (24, 
‘om 


To ascertain the Importance of collisional de-excitation for n > 2, it is convenient 
to compare the probability V,8, of such a process, per atom in the nth level, with 


the spontaneous transition probability 


3, is almost independent © ta 


Li. 
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Table LX shows that. for N, 1012, N.B, is only of the order of 10° LAyy’. Le. 
collisional de-excitation is completely negligible for n > 3. 

For the second quantum level, there is, by hypothesis (Case B), no depopulation 
by spontaneous transitions. The next most convenient term on the left-hand side of 
equation (36) (and indeed the only one unless there is a significant radiation density 
in the Balmer lines) is that corresponding to photo-ionization, which is given by the 


following expression :, 


= STAV 3 ° = | ( | bo)e kT, 
Fdv ~ WN» E\(X2/RT,) 


39440\ 1—(1/bo)e kT, 
~ 2-22 x LO8Ey| ao, (43) 
T’ kT, 
Assuming Fe { eee bo | (hoth ot which set lower limits to Po. . we have the faa 


low ing 


f iy 104 2x 104 {x 104 
\F cd ; - - 
SG «x 10Pe l-l «x 10% 5-O™ 10: 
W No 
For 7 104, N,/W 1014, collisional de-excitation of the second level is just 


comparable with photo-ionization at 10,000°, but fades to insignificance at the higher 
temperatures. 

We conclude that, in general, one is justified in neglecting collisional excitation 
and de-excitation if N, W : 1014 for a equal to or slightly less than ae P Cygni 
and AG Pegasi, for example, are both well within this limit. At higher densities or 
more extreme dilutions. or if 7, falls to 10,000° or less, collisional excitation and 


de-excitation processes may well take on importance, especially for the second level 


(vil ) Statistical Equilibrium of He liam in Enve lope S and the Emission Curve of Growth ; 
Be Stars 


Most of the absorption lines of helium in the spectra of Be stars are broad and 
diffuse, suggesting axial rotation with a visible component v sin? of the order of 
200 km/sec. In some cases, however, such as the B3 spectroscopic binary ¢ Tauri, 
He 143965 (2 1S—41P) is narrow and sharp, as are the absorption lines of Fe 11, 
Ni tl, Si tt and the cores of the Balmer lines (StRUVE and Wurm, 1938). The broad 
lines, and the broad Balmer wings, presumably come from the underlying star, while 
the narrow ones probably arise in a shell at a distance of 2 or 3 stellar radii. He 1 A 3965 
is formed predominantly in the shell because its lower state 2 1S is metastable and 
therefore heavily enhanced in population in the presence of diluted radiation; 
Her A3889 (2 3S —3 3P) also arises from a metastable level and probably behaves 
similarly. A survey of several Be stars led Struve and Wuvrm to the following 
generalizations : 

1. In the cooler stars, 43965 is the first absorption line to appear in the shell as 
the excitation is increased. 

2. The triplet lines (2 °P —n 3D) appear in the shell when the number of atoms is 
large, but for the cooler stars A 3965 is stronger than A 4026 (2 3P—5 3D). 
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3. When the excitation of the shell is higher (no Fe 1 absorption), the singlet 
lines (21P—n!1D) begin to appear faintly in the shell spectrum (e.g. A 4009), but are 
generally fainter than A3965. In a normal B5 giant, on the other hand, A 4009 is 
slightly stronger than A 3965. 

$. When the excitation in the shell is very high (as in P Cygni), the triplets become 
relatively stronger and A4026 surpasses (3965. The other singlets also become 
stronger in absorption (though remaining weaker than the triplets), and the metasta 
bility effect on A 3965 is less noticeable. On the other hand, the singlets (other than 
\ 3965) are very weak in emission, compared with the triplets, so that this behaviour 
of the absorption lines must be due to curve-of-growth effects. 

To account for these results. STRUVE and WwtuRM considered the statistical equill 
brium of an idealized helium atom having six states, 1 1S, 21S, 2 1P, 2 38S, 2 3P, and 
the ground state of He~, for temperatures of 104 and 2-5 x 104 respectively (7, {he 
Their calculations showed that the metastable levels 2 1S. 2 3S both increase in 
relative population as W diminishes: this effect is more intense for 2 3S because there 
is some leakage away from 2 1S via 2 1P. 21P has a strong transition to the ground 
state and diminishes very rapidly (roughly as W), while 2 3P diminishes somewhat 
less rapidly. The effects of collisional excitation from the ground state were shown to 
be negligible for \, 1016 em~3, even if 7, = 7',. though collisions between excited 
levels may perhaps play a part. The results were found to be in good agreement with 


observation for 
W = 0-01 R ~ 5R, 


Since some physical dilution is undoubtedly present, this value of R may be some 
what too large 

These statistical-equilibrium calculations were extended by GOLDBERG (1941) to 
an 8-level helium atom for the case W = 0 and by WELLMANN (1952a) to an atom 
with 22 levels for various values of W, 7, and 7',: in each case the higher levels were 
introduced in an approximate way (b; = const.). WELLMANN found the ratio of 
singlet to triplet populations to be less by a factor of 10 than that obtained by 
STRUVE and WuRM. 

In a further paper, WELLMANN (1952b, 1955) developed a curve-of-growth method 
for the application of these results to the observed intensities of emission lines, taking 
the effect of self-absorption into account. The integrated intensity of an emission 
line of mean frequency v, emitted from a cylindrical column of unit area and length 


H is 


| 1,4 


where j, ¢ are the upper and lower levels with statistical weights g;. g; respectively 
Assuming .V;/V; to be constant. 


Phy? 


) 
C= 


where 


The term in W is normally negligible and A, is simply the equivalent width of a 


absorption line formed in a tube with negligible re-emission. The relationship be 


tween 


“Ni fijH A, N;fj;H 
and or simply and 
Vp . Vy V l 


is the standard curve of growth for exponential absorption (UNSOLD, 1955). Neglect- 
ing differences of damping constants, this curve of growth should give a unique 


relation between 


ee A, 
A’ ev (kT const. . (47) 
A db; “ 
and 
aa , ij N Ni fii 
N bygyeri FT. const. ere 
vy @ Vv 


from the horizontal shifts of which the relative abundances of different ions may be 
determined. 

In practice, the effects of self absorption normally turn out to be small (WELLMANN, 
1952c): when they are large, the assumption of constant \;/.N; is naturally rather 
inaccurate. There is, however, a further effect tending to flatten or reverse the final 
line profile: the absorption of continuous stellar radiation in the portion of the 
envelope between the star and the observer. Inserting the Einstein transition 


coetticients A;;, 6;;, Bj; and the line profile 


pv) —, ia 


x, (li 
0 
the flux, relative to the flux F, in the neighbouring continuum, becomes 


f Avr ! | hvV 7 
N i Aji t Bji Wp )y N,B;; Wr P(v), A  ) 
c : 


F(v) | 
- + ( 4772 R,.2F, 


F 
where z/p is the net flux of stellar radiation at frequency v, 7 is a geometrical factor 
of the order of (1 — W) to allow for occultation by the central star, and V the volume 
of the envelope. The net emission equivalent width is 


TF F(v) N.N.V 
w, = | | _ |e — x’ (b;D yin —b,Dj;;)hv, ee (51) 
JL F, 472R,2F | 


D4: 


W here 


mec 2amkT, 


D;, 


D;; and D;; are proportional to the transition rates from j to ¢ and from / to } re 


spectively. Since Dj; is proportional to W, w,, rapidly increases from negative values 


(absorption) to positive ones (emission) as W is reduced (ROSSELAND evele), if b; 
changes slowly. For metastable levels, on the other hand, 6; is nearly proportional 
to W-!. so that the increase to net emission does not take place SO rapidly. Thus. on 
the whole, the absorption tends to take place nearer to the star than the emission. 
The use of 5;'s calculated on the assumption of purely geometrical dilution of the 
stellar line radiation may be justified in first approximation by reference to Rotten 
berg’s scattering theory, provided that occultation can be neglected, if the internal 
motions are not too large. 

The above method was applied by WELLMANN (1952¢) to the analysis ot the well 
known Be star y Cassiopeiae, which showed a very well-developed He 1 spectrum in 
1937-38. In the latter half of 1937, just after the star had apparently reached a 
maximum radius of 10 R. and a minimum colour temperature of 8,000°, the emission 
lines were single. narrow, and very intense. Shortly afterwards, at the end of 1938 
January, the lines began to grow unsymmetrical, being fainter on the violet side. 
Towards the end of 1938. the emissions were split by central “shell” absorption 
lines, with the violet emission component fainter than the red one. In mid-1939. the 
emissions were all considerably weaker and the shell absorption lines much stronger, 
especially the hydrogen lines and the helium triplets; in metal lines. and helium 
singlets, the emission and absorption components either were both very weak or 
cancelled each other. These phenomena presumably represented the formation and 
subsequent disappearance of a large extended envelope 

WELLMANN applied his curve-of-growth analysis to the emission lines of Fe 1. H, 
and Het. Assuming 5; const. for Fe 1, the intensities fitted a linear relation with a 
tolerable scatter (due either to inaccurate f-values or to variations by factors of 2 
or so in the 4; s) for electron temperatures of either 10,000° or 25.000°. A good linear 
fit was obtained for hydrogen, assuming either the b,’s of Case Ao (BAKER and 
MENZEL, 1938) or those calculated with the inclusion of excitations from the ground 
state by absorption of stellar Lyman radiation (Case C: BAKER. MENzELand ALLER, 
1938). A good fit was likewise obtained for He 1. using the };'s calculated for IW 0-O] 
in agreement with the results obtained by Srruve and Wurm for ¢ Tauri, ete. Only 
A 3888 (2 3S —33P) departs seriously from the curve, owing to the effect of the 
absorption of stellar radiation from the metastable 2 38 level, according to (51). The 
intensities of the other lines with metastable lower states suggest 7, ~ 10.000 

By combining the curves for H and Het through a lateral shift, WeELLMANN 


showed that the Balmer decrement must actually correspond to Case As and not 
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Case C, in view of the normal relative abundances of hydrogen and helium. There is 
considerable evidence that Be stars do not differ from ordinary B stars in chemical 
composition (BURBIDGE and BurRBIDGE, 1951; Struve, 1951; BoyarrcHuuK, 1958). 
Case B also seems to be excluded by the same argument (unless hydrogen is under 
abundant in y Cas) and by the complete absence of self-absorption effects even in 
Hz. We have seen in (iv) that, for P Cygni and AG Pegasi, Case B appears to be the 
most likely one; however, our conclusion that there is no excitation by (Balmer) line 
radiation from the star in these cases is entirely analogous to WELLMANN’s con 
clusion that there is no excitation by (Lyman) line radiation in y Cas. In each case 
this result is understandable in terms of the presence of strong absorption lines 
(either “stellar” or due to the innermost part of the shell) at the relevant wave 
lengths in the spectrum of the star. The exciting frequencies for He 1, on the other 
hand. are present in nearly the amounts expected from the geometrical dilution 
factor, although, of course, there will be a limited degree of physical dilution. Enough 
helium is present in the metastable levels to produce appreciable self-absorption in 
the strongest Het lines A5875 (2 3S —3 3D) and A 7065 (2 23P —3 3S). although the 
high rotational velocity (v sin? = 420 km/sec at the stellar surface) ensures effective 
transparency in all other cases. 

WELLMANN proceeds to discuss the case in which the density and dilution factor 
vary with distance from the stellar surface. The statistical-equilibrium ca:culations 
(WELLMANN, 1952a) show that, approximately, b; « 1/W for the metastable levels 
and 4; ~ const. for most of the others. (51) may now be rewritten 


47? Ry? we, f ae 
; tora | (b;D jin —b,Dij)NeN R2dR, 
iV « 


R, 


where 


For (5015 (21S —3 1P), for example, (52) becomes 


tam. wi tats 
Lis015 dra’ | b Dyin ci | 7 1 | NV. NV R-dR, 
R, 


where 


Cj Wh, 


and the bar indicates a mean value over slowly varying quantities. The first term in 


brackets in (53) is virtually equal to 6;;D;;, since Dj; and 7’ are insensitive to W when 


the latter is small. 
Assuming an exponential density law 


N,N. = const. « 
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the };’s found from various He 1 line ratios were substituted into the definitions of 
the mean 
{b(339P) NN R2dR 
[NN R2dR 
(W(23P)N,NR2dR 
(NN ,R2dR 


- to obtain u from the ratios of AA 7065. 6678. and 5875 to A 5015. The two values 
- consistent, with a mean pu 3-4. 

The corresponding values of W range from 0-05 to 0-14, somewhat higher than 
obtained in the initial analy sis according to (47). (48) in which the absorption terms 
in (51) were neglected. Their inclusion leads to an improved curve of growth shifted 
to the left by about 0-5 along the log N’ axis. A comparison of the new curve of 
srowth for He 1 with that for hydrogen (for which the absorption effects are small) 


o1VeS 


0-90, 3. S456) 


Thus He may have a degree of ionization anywhere between } and unity. according 
to the abundance assumed. 
» 


WELLMANN now finds V, by assuming an absolute magnitude ./ 372 and 


colour index Cl... 0™2. from which 


472 oF. 1033-0 eros/sec/A at A 4000. 


From the equivalent width of Hz, assuming bg = 0-1 and Ry, ISR 


Nu ] ()23-6¢-3-4R RR, 


assuming g 1. V, can also be estimated from the continuous optical depth of the 
shell: if this arises from electron scattering the “‘veiling” of the stellar absorption 


lines during the period of strong emission requires 


co. | N-dR. 
, 


| (12-4 p-1-7RIR,. _... (60) 


The agreement between (59) and (60) is satisfactory in view of the uncertainties 
involved. The corresponding optical depth for the Lyman continuum is quite un 
certain owing to the uncertainty in 7, and 7,. WELLMANN concludes that the 
envelope must derive its support predominantly from rotation, the effects of turbu- 
lence and radiation pressure being negligible in comparison with gravity. It follows 


that the envelope must be more like a ring than a spherical shell. 


J. 


PAGE! 


Further results were obtained by WELLMANN from the spectrum of the declining 
phase of the shell towards the end of 1938. when the absorption lines were more 
prominent. In particular, the emission lines of hydrogen continued to lie on the 
linear portion of the curve of growth calculated according to (51) even when the 
absorptions were strong, and the curve of growth for the latter implied that the 
“shell” absorption lines are definitely formed from a stellar continuum unmodified 
by emission lines. In other words, the absorption lines are formed in the deepest 
layer of the shell and are then partially filled in by overlying emission. A com 
parison of HB and Het A 4471 suggested an electron density 500 times greater than 
in the maximum phase and W ~ 1. The increased density was thus roughly com 
pensated by a reduction in the extent of the envelope. Still later (1939 August), the 
excitation temperature began to rise steeply as the envelope presumably fell back 
into the “‘star proper”’. 

A somewhat different picture of the relative stratification of emission and absorp 
tion in the envelope was obtained by Boyartcuuk (1957) from a study of y Cas and 
10 other Be stars observed in the Crimea between 1953 and 1956. Assuming constant 
angular momentum throughout the envelope, the rotational broadening of the shell 
absorption and emission lines (compared with that of the underlying stellar absorp 
tion) suggested R =~ 1-7 R, (W = 0-1) for the emission lines and R ~ 3:5 R, 
(W 0-02) for the absorptions. This result must depend on the line examined: as 
has already been mentioned, the population of metastable levels (including the 2s 
level of hydrogen when collisional 2s — 2p transitions are rare) increases as W — 0. 
Thus for the Balmer series and for several of the He 1 lines this result is quite natural ; 
it would be most interesting to study the rotational broadening of lines arising from 
lower levels that are not metastable. From the curve of growth of the hydrogen 
absorption lines, BoyarTcHukK found optical depths similar to those estimated for 
P Cygni in Table V. 


4. THE TRANSFER OF RADIATION IN STELLAR ENVELOPES 


In the investigations described in Section 3, it was assumed that the populations 
of the various levels—as expressed by 6, or b;—were known and either constant 
(Cases A, B for hydrogen) or simple functions of W (Case C for He 1); they were 
assumed to be uninfluenced by the transfer of radiation either because the effective 
optical depth is small or because scattered radiation is re-emitted at a sufficiently 
nearby frequency to be available for further excitations. We now discuss the effect 
of absorption and re-emission on the populations of the various excited levels. 


(i) Transfer in a Stationary Envelope 


The first accurate treatment of the transfer of continuous radiation through a 
grey spherical shell, or of line radiation through a stationary spherical shell with 
coherent scattering, was given by MILNE (1930). If the shell is thin compared with 
its radius and far enough away from the central star for the direct radiation from the 
latter to be considered as concentrated in a parallel beam, MILNE showed that the 
spherical problem could, with the appropriate boundary conditions, be reduced to a 
plane-parallel problem. If 7 is the radial optical depth from the exterior surface of 
the shell to a point within the shell, the attenuation of the initial flux 7F incident on 
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the inner boundary is exactly compensated by the fluxes associated with the diffuse 
outward and inward beams /(7. @). / (7. ys) respectively. where 

| 0| 

| 


Thus the combined equation of transfer and radiative equilibrium may be written 


| I(r. [My )p dys ' » My) dy + 1 hy 


0 


where 7; is the total radial optical depth of the shell and jug 


corresponding boundary conditions are 
["(O. pe) 5 [(7). p) ['(7 1. p 


Combined with the equations of transfer for / and /’, these lead in EDDINGTON’s 


approximation to the expression for the source function 
LF(1+7+2e77 saat ee 


which corresponds to that in a stellar atmosphere when 7; —- «. This model predicts 
limb-brightening for small values of 7;, which may in principle be measured either 
by observing this phenomenon or by comparing the brightnesses of the stellar and 


nebular images. The ratio of the total brightnesses is simply 
Light from star 


. (4) 
Light from nebula 


Applving (4) for example to Kron and GORDON’s luminous shell surrounding the 
WR component of V444 Cygni, we have 7, 0-7 if, as appears to be the case, the 
core and disk have about the same total luminosity. This value of 7; leads to an 
appreciable limb-brightening (the maximum intensity, at yu 0-3, exceeds the cen 
tral intensity by 30 per cent). in agreement with KRon and GoRDON’s conclusion 
that the residuals are reduced by postulating a bright ring with a radius of the 
order of 2R,. 

The next step forward was made by AMBARZUMIAN (1933), who discussed the 
transfer of Lyman continuum radiation in a geometrically thin stationary hydrogen 
nebula in which the primary fluorescence mechanism operates, eventually converting 
each quantum beyond the Lyman limit into a Lyman-x quantum and a quantum 
of a higher series (which immediately escapes). If p is the probability that an absorbed 
ultra-violet quantum is re-emitted by a recombination to the ground state (p ~ +), 
the equation of radiative equilibrium in the Schuster-Schwarzschild approximation 


IS 
p I(r) +1’ (7) + 3F — 2 B(r) 
Together with the transfer equation, this leads to the result 


7K y O-TarF 
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for the emergent flux of ultra-violet diffuse radiation if 7; > 3. The corresponding 
flux of Lyman-z photons is 
7K 


(1 
hve 


and the final energy flux emerging in Lyman = is simply 


where v,, ve are the frequency of Lyman-z and the mean frequency in the Lyman 
continuum respectively. By considering the transfer of Lyman-z through the nebula, 
AMBARZUMIAN derived the following expression for the mean intensity in Lyman-z 


at the inner boundary (optical depth ¢;): 


IT (t,) + I'(t))] 


) 


Since f;,7, = 107, the mean intensity for 7, 2 is about 104 F or 4x 104 times the 
mean intensity of Lyman continuum radiation incident from the star. The resulting 
excitation to the second quantum level is likely to lead to an appreciable optical 
depth in the Balmer series. Furthermore, since the absorption coefficient for Lyman 
z is much higher than for Lyman continuum radiation, the flux (v,/v-)7F incident 
on the outer parts of the nebula leads to a radiation-pressure gradient about 104 
times that of gravity and tends to cause expansion of the outer parts relative to the 
inner parts. 

In shells around early-type stars, however, the situation is somewhat different, 
since the geometrical dilution factor is not low enough for the Rosseland cycle to be 
operative (Miyamoto, 1950). However, the presence of motion in the atmosphere 
probably requires some re-examination of this conclusion, since excitation to the 
higher quantum levels will be reduced in consequence. 

When the nebula or envelope has internal motions comparable with or larger than 
the Doppler broadening parameter of the line absorption coefficient, the effective 
optic | depth is greatly reduced by the ‘leakage’ effect. This is so even in the case 
of uniform expansion, since the component of the expansion velocity along the 
direction of propagation of radiation will in general be variable. 

From his calculation of the radiation pressure of Lyman-zx, AMBARZUMIAN (1933b) 
showed that a stationary finite nebula cannot be in equilibrium. He therefore con 
sidered radiative transfer in a moving shell transparent to radiation incident from 


other layers, replacing the boundary condition (2) by 
I’(0) = I(t}) = 9. ‘mee 


Radiation from the central star in the neighbourhood of the line frequency is thus 
neglected. The algebraic difference between the Lyman-z fluxes at the inner and outer 
boundaries of the nebula is still (v,/ve)7F, although their actual values depend on 
the continuous optical thickness 7;. Hence there is still a strong tendency for the 
nebular material to be dissipated under the conditions assumed. A more elaborate 


and precise treatment of the same problem was given by CHANDRASEKHAR (1935), 
hut ZANSTRA (1949) showed that the radiation pressure of Lyman-z is reduced by a 
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factor of 300 when the Gaussian line profile and non-coherent scattering are taken 
Into account. 

The transfer of Lyman radiation in a hydrogen envelope surrounding an emission 
line star. in which the dilution factor cannot be considered to be infinitely small, was 
considered in a further paper by AMBARZUMIAN (1935). Whereas the intensity of 
Lyman-x given by (8) is of the order of 10-4 times that at the stellar surface (apart 
from line absorption in the stellar atmosphere, which of course has no effect on (8)), 


so that the number of transitions F'23 is negligible in comparison with Fj3, the corre 


sponding energy density in a stellar envelope is very much higher, so that 23 must 


be taken into account. This will be so if “ete fs for 7 = i: there is little conversion 
of Lyman continuum into Lyman-z,so that the theory of Section 3 remains applicable. 
On the other hand, even if 71 1S large, cyclic processes cannot be neglected in compari- 
son with ordinary scattering, since their presence is indicated by the presence of the 
emission lines. AMBARZUMIAN considered an idealized atom with two discrete energy 
levels and a continuum and solved two linked transfer equations for the line and 
continuous radiations. He obtained the result 


2amkT 
mee (UC 


provided that 10-6 < W < 10-°. In a stationary shell, the ionization is thus en 
hanced in comparison with the usual value assumed, neglecting ionizations from 
the second level. by the factor (27+ 1)e'~7’, whieh may he very considerable. 
However. this formula is of doubtful applicability in a moving envelope. since the 
population of the excited level will be reduced by the eakage effect. 

The variation of the electron temperature through an envelope that is optically 
thick in the Lyman continuum is discussed by ALLER, BAKER and MENZEL (1939). 


(ii) Transfer in a Moving Env lope 

The importance of motion in the envelope for the transfer of radiation and excita 
tion of atoms in all cases where the line optical depth is appreciable has already been 
indicated in (i). A detailed treatment of this problem for stellar envelopes was given 
by V. V. SopoLev (1947) in his remarkable treatise on ‘Moving Envelopes of 
Stars. . the first part of which will how be discussed This presents a theory ot a 
homogeneous medium in which the equations of transfer are reduced to simultaneous 
non-differential equations comparable to the statistical-equilibrium equations intro 
duced for nebulae by Cinuig and by MeNzeEL and his co-workers, and applies it to 
the emission-line spectra of early-type stars. The medium is assumed to be trans 
parent in the Lyman continuum, and to have a uniform isotropic velocity gradient. 
SOBOLEV shows that this situation is considerably simpler than that of a stationary 
envelope. since radiation is absorbed and re-emitted only in a limited region in which 
the velocity variation is comparable with the Doppler broadening parameter of the 
line. so that no reference need be made to conditions at the boundaries of the en- 
velope. The medium can thus be considered as an infinite one. with a constant 
radiation density in the ionizing continuum. 
Owing to the velocity gradient in the medium, a certain fraction £;; of the radiation 


emitted from a downward transition 1 — k escapes, while the rest is absorbed and 


f SOBOLEV’s treatise, by 8. GAPOSCHKIN, will be published shortly by the Harvard Press. 
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effects the reverse transition in a nearby atom. For example, in BAKER and MENZEL’s 
Case A, By 1 and, in Case B, Bio = 0. Hence the equation of statistical equilibrium 


for level 7 is simply 


SY) AkBri t B; pi, Lu +k | t LV ed a 


where p;, is the density of ionizing radiation from the 7th level given in terms of the 
density of the same radiation at the stellar surface by 


iy we Wat 2. . (12) 


and B;, is the corresponding EINSTEIN transition coefficient. To determine {;;, we 
use an argument given by ZANSTRA (1956). Suppose the absorption coefficient is 
given by the Doppler formula 


Lé 


where x is the absorption coefficient at the line centre, with frequency vg as measured 


in some fixed frame of reference. Suppose the systematic velocity in the line of sight 


1S 
. (14) 


where s is the optical depth in the line centre from a point where v = 0, and a is the 

(constant) ratio of the velocity-gradient to the product of « and the Doppler para 

meter. If we observe at a fixed frequency vg+Av, the corresponding optical 

depth may be found by integrating along the line of sight over all elements for which 
A 


l 


and, if the envelope is “‘infinite’’, this condition may equally well be replaced by 


Hence the optical depth is 


. (16) 


For non-coherent scattering with a constant source-function J, the total intensity 
produced in optical depth 7 is 7/, while the emergent intensity is ./(1 —e~7). Hence 


a 


. (18) 


ifa < 1, The corresponding expression obtained by SOBOLEV, assuming a rectangular 
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line profile, is a/2, which is not significantly different from the approximate expres- 
sion (18). When self-absorption is small, however, a > 1 and the more accurate 


expression (17) must be used. 


The simple expression (18) has the advantage that Aj, By; can be expressed in 


terms of A218)2, using the standard relations between A;, and «,;;. The relation is 


72. 
tp 


| dv | 


w,/7a2dR W 


. (21) 


Equation (20) takes account of stimulated emissions in the lines, but not of RoTrEN 
BERG’s effect of excitation by stellar radiation at the line frequency. Apart from this 
factor, however, it accurately describes the statistical equilibrium of all levels for 


which a;; < 1 for the most significant members of the series. For higher levels, Bj, — 1 


and the “nebular” statistical-equilibrium equations must be used. An attractive 
feature of (20) is that the relative populations V;/N; depend only on the ratio of the 
velocity gradient and dilution factor, and not on these quantities separately. 
SoBOLEV solves equation (20) for a hydrogen atom with 6 levels and continuum, 
assuming self-absorption in all series, for the cases 7’, re 20,000° (P Cygni, 
etc.) and / hp a 50.000° (WR stars). and for 2 0. 0-01, 0-1, 1-0 and 10. The 
same results apply to He~ at temperatures four times as high as these. The ionization 
N,N ./N,W turns out to be close to the equilibrium value for all 2. The populations 
of the various levels have 6; 1/W for x = 0 (complete absorption), but diminish 
rapidly as x increases; for example No/N, diminishes by a factor of 30 as x increases 
from 0 to 1. SOBOLEV’s values for V3/.V;, etc., are somewhat inaccurate, (a) because 
of the limited number of levels assumed, and (b) because the stimulated emission 
factor has apparently been neglected in the transitions to the continuum; this is 


important fori > 3. 


B. E. J. Pacet 


SOBOLEV proceeds to calculate the Balmer decrement (H8 1) on the basis of 
these results, using the formula 


Exe Nr Ap2Porhvey 
E49 Ny A gePoghveq 


and also deduces that the energy in the Balmer continuum is four times that in 
Hx for 7 20,000°, x 0-1. This result, and the Balmer decrement calculated 
from SOBOLEV’S theory for absorption in all series with x 0-1, are so close to the 
corresponding results for the “nebular” Case B that it is impossible to distinguish 
between them observationally. SOBOLEV 'S claim that x O-1 fits P Cygni better 
than the “‘nebular’’ decrement is based on a comparison of his caleulation with that 
of CILLIE (1932), both of which are somewhat inaccurate owing to the limited number 
of levels taken into account. 

We may, however, use the observations of the Paschen lines P12—17 in P Cygni 
carried out by BuRBIDGE and BuRBIDGE (1955) to distinguish between SOBOLEV’s 
theory and the “nebular” case. According to SOBOLEV’s theory. we have from (19) 


(neglecting stimulated emission) 


A; ae 
B\2 


0-306. ; 24 


As was shown in Section 3(vi), the ratio found from the equivalent widths is close 
to 0°31. To obtain a ratio of 0-56, one would have to assume a colour temperature 
for the underlying continuum of 9500°, which is unreasonably low in view of the 
large amount of interstellar reddening present (ROMAN, 1951). In this case, therefore, 
observation seems to favour the “nebular” hypothesis rather than that of SOBOLEV. 

For WR stars. on the other hand, SoBoLEyv obtains a much flatter decrement than 
the nebular one. Although the intensities of the hydrogen lines are hard to estimate 
in practice, owing to blending with the PICKERING series of He+, he makes out a good 
case for assuming his decrement for hydrogen, together with the nebular decrement 
for He’, in the spectrum of HD 192163 (Brats, 1934). Again, the observed decrement 
in Ne and Se stars is much flatter than the nebular one and agrees with x 0-O1,. 

When w is large, the populations of the higher levels become low, leading to trans- 
parency in the higher series. Accordingly, SOBOLEV gives an approximate method of 
estimating the level at which a — 1. Neglecting stimulated emission, the equations 


(20) are added term by term, giving 


f j—1] . 
“ A N; 
S Ni (x > Disr—+ Bi, 


k 


i=j k=] 
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where 


Since .V; and D;; decrease rapidly with increasing 7, (25) may be replaced by the 


recurrence formula 


From (27), V,; ete. can be determined to find at which level 8;, 


In particular, it follows from (14) and (26) that, if 


for 2 1-0, then the medium is opaque in the Balmer series but transparent in the VOL 
Paschen and higher series. SOBOLEV solves the equations (25) for this case and 3 
obtains for x ~ 10 a very high ratio of Hz to Hf, owing to the degradation of the 196 
higher Balmer lines by fluorescence into Hz and members of higher series. Such an 
Hz :H8 ratio has been observed in the post-maximum spectra of novae and is likely 
to be due to this cause, as is the occurrence of emission in Hx alone in stars such as 
z Cygni. The values of «2 required for these various cases are quite consistent with the’ 
dimensions and expansion velocities of the various envelopes deduced from observa 
tion 
SOBOLEV proceeds to apply his theory to a discussion of physical conditions in the 
envelopes surrounding early-type stars with bright lines. He first obtains the con- 
dition at the lower boundary of the envelope, at which the photospheric level corre 
sponds to an optical depth due to electron scattering of 1/3 in the radial direction. 


Together with the inverse square law for the electron density, this gives 
NOR, -5 x 1024, 


which may be compared with equation (3) of Section 1. The neglect of neutral hydro 
gen absorption is justified for supergiants with 7’, > 20,000° because the optical 
depth beyond the Lyman limit is small enough to permit a high degree of ionization. 
A further relation between V, and PF is obtained from the intensity of any given 


Balmer line 


3 . 


. ’ V9} 
Ee Axohvox | NepoxdV = ; } Aosihvox | froNeN 4c Rd Rk, 


. ‘ . 


R, 


where (neglecting induced emissions) 
N, WN; 


Tk No N.N 


fx2 turns out to be substantially independent of x and equal to about 1-5 » 
a‘ 20,000°. Hence, from the measured equivalent widths, 


kK? H por v12° 


qv, 0 Ry, a 
8¢2 doy fro Chern KT 


where H;-2 is the line intensity w,/v as defined by ZANsTRA. Equation (32) may be 
compared with our equation (14) in Section 3(ii1). By combining (29) and (32), 
SOBOLEV obtains Rk, = 20R., NV, 3:6 x 1011 for a typical Be or P Cygni star 
and R, = 5Ro, N- 1-5x 1012 for a WR star. These results are in fairly good 
agreement with those given earlier, if it is assumed that AG Pegasi may be classed 
(for this purpose) as a WR star. From these figures, it follows that WR and P Cygni 
stars both lose mass at a rate of 10.V. in 106 years, while Be stars lose mass at about 
0-1 of this rate. Actually it is questionable whether Be stars are losing mass at all 
and whether the inverse square law of density variation applies to them (BoyarRTCHUK, 
1957). 

From its definition, it follows that 2 increases as (R/R,)?, so that the excitation 
decreases very rapidly as one goes out into the envelope (constant expansion velo 
city). SOBOLEV finds the radial optical depth in the centre of Hx to reach the value 
1/3 at a radius R, 12k, in the case of P Cygni stars and 4R, in WR stars, so that 
the “‘shell’’ absorption lines are formed very far out, but not as far out as would be 
inferred from our Table V. It also follows from SoBOLEV’s theory that the optically 
thin region makes only a small contribution to the intensities of the emission tines. 

This last point leads to a very elegant explanation of the profiles of the lines in 
P Cygni and Be stars. It has already been mentioned in Section 3(i) that the emis 
sion-line profile of a uniformly expanding spherical envelope—obtained by calculat 
ing the volumes of elements having the same velocity component in the line of sight 
is simply rectangular if random motions are neglected. Such a profile appears to be 
observed in certain nova shells and WR stars, but is by no means common. To 
obtain the observed profiles of P Cygni emission lines on the ‘‘optically thin” hypo 
thesis, it is necessary to make special assumptions about the velocity gradients and 
random motions. If, on the other hand, a considerable degree of self-absorption is 
present, the intensity at a given point of the profile is proportional to the surface 
area (projected on the plane normal to the line of sight) of a cone with its apex at the 


star and semi-angle @, where 


cos 6. 7 a (33) 


If random motions are neglected, each cone-surface may be regarded as transparent 
to the radiation from another cone-surface owing to the leakage effect. Hence the 
intensity at a given point of the profile is simply 


I, x sin?@ o | 
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giving a parabolic profile. Such a profile gives an excellent representation of the 
P Cygni emission component in BEALS’ Type I. 

Similarly, the depression at a given point of the absorption component is pro- 
portional to the amount of light from the star obscured by the cone-surface whose 
velocity in the line of sight corresponds to that frequency. Thus the residual intensity 


IS 


uls(4) cos 6 sin dé 
(A) cos § sin Adé 


4) is the limb-darkening function and 


, (36) 


he radius of the opaque region. Numerical computations based on equation 
4) give the characteristic asymmetrical line contour 


and reasonable guesses at uJ 
with its centre displaced to the violet; this calculation is essentially similar to that of 
RoTrENBERG (Section 2(iv)), but, in contrast to RoTTENBERG’s theory, the emission 
and absorption lines are here simply superposed. It is characteristic of SOBCLEV's 
theory that the residual intensity in the absorption line is due to the unobscured 
portion of the star rather than to re-emission in the envelope; hence both the limb 


darkening law and the extent of the opaque region are of fundamental importance 


in fixing the line profile 
For the Be profiles, SOBOLEV expresses in quantitative form McLAvuGHLIN’s hypo 
thesis of combined rotation, pulsation, and absorption. The surfaces of equal radial 


velocity now assume a somewhat more complex form, but the direct superposition 


of the e.nission and absorption components in this case readily reproduces MCLAUGH 
LIN s red-violet asymmetry 

SOBOLEV § theory thus gives an elegant explanation of the observed line profiles 
1 be little doubt that self-absorption 


in Be and P Cygni stars. Furthermore, there cai 
On the other hand, 


is often present in the lowest members of the Balmer series 
observation suggests that there is little self-absorption in the higher members of the 
Balmer series in stars such as P Cy oni, so that it is not at all clear that SOBOLEV's 
theory will always give better results for the populations of the various levels than 
the straightforward application of BEALS’ hypothesis, in spite of its obvious successes 
in accounting for line profiles and for certain “‘anomalous’ Balmer decrements. 
With these reservations, it appears that the theories of SOBOLEV and of ROTTEN- 
BERG offer the most promising means of explaining many features of the emission 
spectra of early-type stars. Although their predictions are in certain cases remarkably 
similar, the two theories are in a sense complementary to one another, since ROTTEN- 
BERG's is based on excitation by line radiation from the star (which SOBOLEV neglects) 
and ignores fluorescence effects (except as a basic source of line radiation that is 


J. PAGEI 


then coherently scattered). There is also the mathematical difference that Rorren- 
BERG concentrates on the boundary conditions at the shell and neglects transfer 
effects, while SopoLev does the exact opposite; this difference, however, is probably 
less important than the physical difference mentioned above, owing to the inevitable 
uncertainty as to the true density distribution in an envelope. The two theories 
predict similar line profiles in the simpler cases largely because the emission and 
absorption are treated as surface, rather than volume, effects; but SOBOLEV’s theory 
is really more complete because it makes definite predictions of the population in 
each level as a function of the parameter x which is roughly calculable, while 
LOTTENBERG has to assume a given amount of fluorescent radiation to start with in 
order to normalize his predicted profiles in accordance with the observed intensities. 
It is, however, clear that ROTTENBERG’s mechanism is essential to account for the 
more complex P Cygni profiles noted by Bras. Thus it appears that a complete 
analysis of an emission spectrum must in general make use of all three hypotheses 
of BEALS, SOBOLEV and RoTTENBERG in order to account for the intensities and 
profiles of the lines. For this purpose, it would be of great utility to solve SoBOLEV’s 
equations of statistical equilibrium, extended to allow for the presence of absorption 
in lower members of a series with transparency in higher members of the same series 


This task will be a simple one for an electronic computer. 


REFERENCES 


ALLEN, C. W. . ; ‘ ‘ : 1955 Astrophysical Quantities (Athlone Press, London 
ALLER, L. H. : ; 1943 Ap. J., 97, 135 
1954 1strophysics II, (Ronald Press Co., New York), 
p. 157 
1956a Gaseous Nebulae (Chapman and Hall, London), 
p 135 
1956b ibid., p. 261 
ALLER, L. H., Baker, J. G. and 1939 Ap. J., 90, 601. 
MENZEL, D. H. 


AMBARZUMIAN, V. A. ‘ , 1933a M.N., 93, 50. 
1933b sull de lV’ Obs. Ce ntral a Poulkova, 13, no 3 


1935 M.N., 95, 469. 
Bascock, H. W. ; ‘ 1958 Ap. J. Supp., 3, 200. 
Baker, J. G. and MeNzeEL, D. H. ; 1938 Ap 
BAKER, J. G., MENZEL, D. H. and 1938 Ap. J., 


ALLER, L. H. 
Beats, C. S ; ; ; ? : : 1930 Publ. Dominion Astrophys. Obs., Victoria, 4, 294. 


1934 Publ. Dominion Astrophys. Obs., Victoria, 6, 95. 

1940 J. Roy. Astron. Soc. Canada, 34, 169. 

1944 M.N., 104, 205. 

1950 Publ. Dominion Astrophys. Obs., Victoria, 9, no. 1 
BEALS, C. S. and HatcHer, R. D. . 1948 Contrib. Dominion Obs. Ottawa, 2, no. 1. 
Brats, C. S. and RorrenBeEra, J. A. 1956 Vistas in Astronomy, II, ed. A. Beer (Pergamon 

Press, London), p. 1437. 

Bowen, I. S. ; ; ! ; ; 1928 Ag. J., Gi, i. 

1934 Publ. Astron. Soc. Pacific, 46, 146. 

1935 Ap. J., Si, }l. 
BoyARTCHUK, A. A. ‘ ‘ . ‘ 1957 Astronomichesky Zhurnal, 34, 193. 

1958 Mem. Soc. Roy. des Sciences de Liege, 20, 159. 
BurBinGE, E. M. and BurBIDGE, G. R. 1951 Ap. J., 113, 84. 

1955 Ap. dd, Meee 
BursBipGE, G. R. and Bursince, E. M. 1952 Ap. J., 116, 185. 
ip 
Pf 


1954 Ap. 120, 7 
CHAMBERLAIN, J. W. ? ‘ : 1953 Ap. J., 117, 3! 
CHANDRASEKHAR, S. : ; ; . 1934a M.N., 94, 444. 

1934b  M.N., 94, 522 

1935  Z. Astrophys., 9, 266. 

1947 Ap. J., 106, 145. 


and Roacu, F. E 
and Wury, K. 


and STRUVE, O 


TCHENG Mao-Lin and Biocn, M 
Tuomas, R. N 


ssion lines in the spectra of early-type stars 


1932 
1926 
194] 
1933 
1948 
1941 
1945 
1950 
1956 


1938 


195la 
1951t 
1928 
1930 


1940a 
1940b 
1942 
1955 


1956 


1952 
1947 
1949 


M.N., 92, 820 
Proc. Roy. S0c., 
Ap. J., 93, 202. 
Z. Astrophys., 7 
Austral. J. s¢ 
Ay J., 93, 244 
Ap. J., 101, 356 
Ap. J., 112, 477 
Solar Eclipses and the lo 
and G M 


,aed, 


> 
orown 


429, 


nos phe ré, ed. W.G. Bey non 
Pergamon Press, London), 


Obs... JF ictoria, Ts 349° 


> (Pergamon 


reprinted 


rs, Publ 


Leningrad State 


English Transl. by 8S. Ga- 


+ 
a 


!. Astrophys., 10, 23 
Ap. J., 89, 526 
Ap. J., 95, 134 
Ap. J., 100, 189 


{strophysi , ea 


Press, Chicag 


1; = : 89, 509 

Ap. J., 88, 

in. J., 95, 
Publ. Astron. : 

J., 94, i 

Ap. J., 96, 25 

M.N., 115, 236 
Astronomy Il, 
London > Pp 
15, 104 


Vistas in 
Press, 
Ann. Astrophys., 
Ap. J., 106, 482 
Ap. J., 109, 500 


the Harvard University 


» University 


ed. A. Beer (Pergamon 


1380 


UNDERHILL, A. 


UNSOLD, A. 


WEENEN, J. 
WELLMANN, P. 


WILson, O. C. 


Woo._ey, R. v 
ZANSTRA, H. 


ZANSTRA, H 


i 


and WEENEN, || 


J. Pact 


.. ‘ Ap. J 
Ap. J 


Kql 
No 

Mém 

ibid, 


p 
Physik 


«5 107, 247. 
., 110, 340. 
Danske Vid. 
13. 
aoc 
Zs 
de r 


Selsk. Mat. Fys. Medd., 


Roy. des Sci. de Liege i‘ 20, 21. 


Sternatmospharen (Berlin: 


Springer), p. 288. 


D. 


i hl 


Ast 


{.N 
Bull 
Ams 
Bu 


stroplh Y8., 


terdam Obs. 


{stron. Inst. Netherlands, Bi, 176 


strophys P 30, fae 
strophys * 30, So. 


30, 96. 


Astronomy I, 


p. 


ed. A 
303. 


in Beer (Pergar 


, London), 


Dominion {strophys. 


» 2) 300 


ctoria, 4, 209. 
rophus 


, 93, 131. 


Inst. Netherlands, 11, 
No. 10 


Netherlands 


1stron. 
Cure., 
{stron 


Inst 11, 


Colour, Luminosity and Evolution of the Stars 


OLIN J. EGGEN 


Royal Greenwich Observatory, Herstmonceux Castle, Hailsham, Sussex 


THE PROBLEM 


Fortunately, the data needed for the construction of these (stellar) histories are easily 


found problem is like that of one who enters a forest of oaks, and desires to learn through 


what stages the trees have passed in reaching their present condition. He cannot wait long 


e any single tree go through its long cycle of change. But on the ground he may 

some unbroken and some sprouting. Others have given rise to rapidly growing 

ots. and saplings are at hand to show the next stage of growth. From saplings to trees is an 
ep Then may be found, in the form of dead limbs and branches, the first evidence of 


, reaching its full in fallen trunks, where the hard wood is wasting to powder.” 


GEORGE ELLERY HALE 
The Study of Ste llar Evolution, 
1909 


SOME SOLUTIONS 


And the Sun is by no means so dense as it may become and will still continue in its 
(contraction), even if it only attained the density of the Earth—though it will probably become 
far denser in the interior owing to the enormous pressure—this would develop fresh quantities 
of heat, which would be sufficient to maintain for an additional 17,000,000 of years the same 


intensity of sunshine as that which is now the source of all terrestrial life 


HERMANN VON HELMHOLTZ 


Konigsberg Lectures, 1854. 


I pointéd out in the year 1886 that the time had arrived when stars with increasing tempera 
tures would require to be fundamentally distinguished from those with decreasing temperatures, 
but I did not then know that this was so easy to accomplish as it now appears to be... I here 
introduce the ‘temperature curve’ On one arm of this we have those stages in the various 
heavenly bodies in which in each case the temperature is increasing, while on the other arm we 
have that other condition in which we get first vaporous combinations, and then ultimately 
the formation of a crust due 1e gradual cooling of the mass in dark bodies like, say, the 
companion of Sirius.” 

Sir JOSEPH NORMAN LOCKYER 
Proceedings of the Royal Society, 
Vol. 44, 1888. 


\gain, no one Supposes that the stars of Class B were created hot. They have doubtless origina- 
some way or other from more widely diffused primordial matter. Such primordial matter, 
till exists, must be relatively cold, for it is not luminous. Between it and the stage of 

B there must be intermediate stages in which the mass is growing hotter, while its 


I58 
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light is yellow or red, and, on account of its greater size, is much brighter than in the later sté 
of its history when it reaches the same temperature while cooling off.” 
HENRY Norris RUSSELI 
The Ohservator Y. 
Vol. 37, 1914. 


It may, therefore, reasonably be maintained that the Draper (spectral) classification is not 
» beer 


Cor 


only convenient for descriptive purposes, but that the order in which the spectra havé 


placed represents the probable order of celestial evolution, such evolution taking pla 
, and red stars until 


tinuously from the chaotic conditions of nebulae, through the white, vellow 


luminosity ceases.’ 
ALFRED FOWLER 
The Observatory. 


Vol. 38, 1915 


with a surface 


It now appears that a typical star will be born as a super-giant, probably 
violent 


temperature too low for visibility, and possibly as a variable undergoing pulsations 
until it reaches the region of high ionization 


th-east 


It will gradually move westward in our diagram 
turns to the south 


when it reaches this region, it 


which we have called the Pacific slope; 
At this period the centre of the star is a pool of fully ionized 1 
The extent of this pool will 


and travels down the coast. . 
| in 
When this ste 


which is entirely inert as regards generation ol 


reach a maximum, after which it declines and fina 


energy. 
becomes insignificant 


lly 
is reached, the star leaves the Pacific coast and travels across the continent in a sou 
\tlantie 


direction, ultimately falling into the 
Sir JAMES Hopwoop 


Monthly Notices, 


5, 1925. 


guided by successive theories of evol on 


1e energ 


‘For the past 50 years stellar astronomy has been 
ement of the laws of subaton 


giant and dwar 


Today we have no theory of evolution pending the settl 
B to M, and on the (RUSSELL 


) 


On the old theory of evolution from type 
theory of evolution from giant M up to B and down to dwarf M, the star’s track o 
star on the 


fixed by familiar physical laws. The laws of subatomic energy did not guide the 


ogress. But now there is nothing left but the 


magnitude type diagram, they settled its rate of } 
guide the star; these must determine its trac kk 


conditions of liberation of subatomic energy to 
if it is evolving, or its halting place if it is stationary 
Sir ARTHUR STANLEY EDDINGTON 


The Internal Constitution o 


f 


The Stars, 1926. 


THE MORAL 


We must be prepared to meet with side-tracks in evolution. Nature does not run In a groove. 
Her operations are free and various; they defy the restrictions of feasibility which a rigid 
methodism of thought would seek to impose. ... Our best attitude of mind, then, in attempting 
to speculate on the course of things, is that of the utmost flexibility to the teaching of well- 


ascertained facts.” 
AGNES CLERKE 
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HALE’s silvan analogy for stellar evolution, quoted above, is a perversion of a com- 
parison made many years earlier by WILLIAM HERSCHEL. It is a perversion because 
HALE’s version contraverts Sir William’s main point, that is, without an assumed 
pre-knowledge of trees, we are unable to tell whether oaks become acorns saplings, 
brown leaves on the ground, green leaves on the tree; or, in each case, vice 


shoots. 
But abandoning dendrology, in what follows we will emphasize one approach to— 
or manifestation of—stellar evolution: the colour-luminosity array. From the 
observed magnitudes and colours of the (assumed) coeval members of star clusters 
or groups. we will attempt to give a résumé of the recent rapid progress in this 
approach. The observations discussed have been published by several observers 
amongst the largest contributors are A. SANDAGE, R. H. Stroy, N. G. Roman, G. E. 
Kron, M. WALKER and especially H. L. JOHNSON and his cohorts. On the theoretical 
side. most of the ideas here expressed (and here outraged into simplicity) have been 
proposed, altered or applied by A. SANDAGE, M. SCHWARZSCHILD, F. HOYLE, S. 
CHANDRASEKHAR, and others: an incomplete, but representative, bibliography is 
appended. The avant-garde of the last few generations of theoretical astrophysicists 


have been to a large extent concerned with stellar evolution and, indeed, together 


with the question of the cosmical distance scale, it might be considered the raison 


d’étre of modern astronomy. 


‘The nebula called Praesepe’’, said GALILEO in 1610 in one of the first applications 
of the telescope to sidereal astronomy, “is not one star only . but a mass of more than 


forty small stars’. Modern investigations of proper motions, complete to about 


visual magnitude 13-5 in a 2> square area, have picked out approximately 200 stars 
as members of this cluster. The magnitudes. V. and colours, P—V. of all these stars 
with P—-V greater than +0™5 are plotted in Fig. 1. Thirteen stars, which appear to 
stand above the run of the rest, are indicated by crosses; the remainder define a 


main sequence which can be represented by the linear relation, 
V = 4m84 (P-V)+ 840 5c aca 


If the observed magnitude and colour were due to a close double star, consisting of 
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two unresolved components of equal colour and magnitude, the observed colour 
would be that of the individual stars but the combined magnitude would place the 
observed point 0™75 above the run of the single stars in Fig. 1, that is, on the broken 
line. Since the crosses fall either on this line, or between it and the main sequence, it is 
reasonable to suppose that in each case the observed magnitude and colour is that 
of a multiple system. If this is so, the apparent lack of a gradual transition from the 
main sequence to the broken line, and the near absence of double stars fainter than 
V 12™, merits further investigation. 

Our next concern is to find the zero-point of Equation (1), that is, to convert 
the observed visual magnitudes to absolute values. There are seven dwarf stars 
within 5 parsecs of the Sun that have observed colours—undistorted by known 
companions—in the range covered in Fig. 1. The absolute visual magnitudes, 


My. of these stars are plotted in Fig. 2. When Equation (1), whose slope is repre 
sented by the shaded bar in the figure, is adjusted to fit these points, we find 


M, 2m36-+ 4m84 (P-V) 


or V—M, - 6104, The distance of the Praesepe cluster is then 161 parsecs, or its 
parallax aw — 00062. This derivation of the distance rests on the fundamental 
assumption that both the slope and zero-point of the main sequences of the stars in 
Figs. 1 and 2 are identical; we shall return to this point. 

An additional check on Equation (2) is afforded by the colour and luminosity of 
the Sun. From a recent investigation by StTeBBins and Kron we know that P—V 

053 and, therefore, from Equation (2) My 14m9?2. whereas the direct 
determination by STEBBINS and KRoN is VW, -4mg4, 

Figure 1 contains about one-half the members of the Praesepe cluster. Using the 
value of V—-My +-6™04 we can now plot the colour-luminosity array for the bluer 
members: this is shown in Fig. 3. Only stars for which photoelectric determinations 
of the magnitudes and colours are available have been plotted in Fig. 3—the dozen 
or so known cluster members excluded by this fact would add nothing to the array. 

The colours, P—V, represent the ratio of the radiations received from two, slightly 


overlapping, segments of the stellar energy curves between 3800 and 6000 A. A 


valuable, additional observational result, available for the Praesepe stars is the 
U-B colour—the ratio of the observed radiations from very slightly overlapping 


96? 


Colour, luminosity and evolution of the stars 


segments of the energy curves on the violet (U) and red (B) sides of 3800 A. The re- 
lationship between the two colours for the Praesepe stars is shown in Fig. 4 where it 
is clear that the Balmer discontinuity in the U-radiation from the stars bluer than 
approximately P-V=-+0™5 introduces a down-turn from the near Linear relation 
valid for redder stars. The crosses in the figure, near P—V -+O™9, represent the 
red giants in the upper right of Fig. 3. 

[It cannot be too strongly emphasized that the arrangement of the points in a 
colour-luminosity array such as Fig. 3 is strictly controlled by the colour system 
used, and before the colour co-ordinate can be interpreted in terms of, say, tempera- 
ture, the complicated dependence upon such things as line-strength and variations 
in continuous absorption coefficient must be considered. 


Another cluster of interest in the present connection is the Pleiades. Although more 
distant than Praesepe and showing less proper motion, 190 Pleiades members 
brighter than photog phic magnitude 16 and within 1° of the bright star Aleyone 
are known from an extensive investigation by HrertTzspRuUNG. Published photo- 
electric results. howevel are only available for about one halt this number. nearly all 
of which are bluer than P—V 0m5. The stars for which P—V is greater than 

0™2 and for which (U—B)-colours are available are plotted in Fig. 5. The enclosed 
segment in the figure represents a part of the relationship between the two colours 
for the Praesepe stars in Fig. 4; since that part of this relationship between 
P-V 0 and +0™2 is not as well defined as the rest, probably because of the greater 
scatter in the luminosities of the stars represented (Fig. 3), it is not used in Fig. 5. 
The arrow in the figure indicates the slope of the reddening correction as determined 


by several investigations of highly reddened, mostly early-type stars, that is, the 


ratio (U—B)/(P_V) 0-85 for the reddening effect of interstellar absorbing material 


on the two colours. There is some evidence that this ratio may not be universal, but 
the observed variations are small enough to be of no consequence for the amount of 
reddening considered here. 

If we assume that the radiation actually emitted by the Pleiades members re- 
presented in Fig. 5 does not, in the wavelengths concerned, differ from that of the 
Praesepe stars used to define the closed segment in the figure, then the displacement 
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of the Pleiades stars from the standard relationship can be interpreted as due to 
interstellar absorption. From the greater scatter of the points in Fig. 5 than was 
found in Fig. 4 for the Praesepe stars in the same colour range, we might also surmise 
that the reddening is not uniform, but the differential effect must be small and the 
adoption of a mean reddening for the stars will introduce an amount of uncertainty 
unimportant to our present purpose. Mean reddenings of Ey-_p L OMO6 and 
Ep_y +0™05 have been subtracted from all the observed colours of Pleiades 
members and the results plotted in Fig. 6. 

After the observed magnitudes were corrected for interstellar absorption, Vo 

V-3Ep_y. the stars with corrected values of P-V between +0™4 and +0m5 
were fitted to the Praesepe main sequence in Fig. 3, giving a distance modulus of 


=> 

a 
Ti 

N 

Oo} 
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Vo-My +570. The resulting colour-luminosity array for the Pleiades is shown 
in Fig. 7 where the enclosed area represents the array for Praesepe stars in Fig. 3. 
With the exception of a few stars above the main sequence near P—V (to —O™], 
the Pleiades show a well defined main sequence extending to My 3m: two 
known visual binaries have been omitted from the figure. 


The colour-luminosity arrays for three additional clusters, chosen for their contrast 
with the Pleiades and Praesepe, are shown in Figs. 9, 11 and 13. The relationships 
between the two colours P-V and U-B for these clusters are shown in Figs. 8, 10 
and 12, where the standard, the Pleiades—Praesepe relationship is also outlined. In all 
three cases there is little reason to suspect that any appreciable reddening is affecting 
the observed colours. The main sequences of the Coma Berenices and M 67 clusters, 
in Figs. 9 and 11, were fitted to that of the Praesepe cluster in Fig. 3 for values of 
P-V greater than +0™4; in NGC 752 the faintest stars between P—V -Om3 and 
-0™4 were used to make this fit. Although many additional stars in M 67 have been 
observed photographically with results comparable in accuracy to the photoelectric 
observations, only the latter have been used in Figs. 12 and 13. The resulting dis- 
tance moduli are V-My = 4™80, 7™78, and 9™50, for Coma Berenices, NGC 752 
and M 67, respectively. 

Except for some clusters that have bluer, and brighter, main sequence stars than 
those of the Pleiades, the 5 galactic clusters whose colour luminosity arrays are 
shown in Figs. 3, 7, 9, 11 and 13 are representative examples of the known varieties. 
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\lso, these examples offer the advantage of having been subjected to extensive 
astrometric investigations which permit us to separate the cluster members from the 
fore- and background stars. Indeed, the contribution of astrometry to the investiga- 
tions summarized here cannot be over emphasized, and to a large degree the exten- 
sion of these investigations now waits upon further astrometric work. The demands 


upon the astrometry become. of course, more severe because the nearer clusters, 


which might be expected to show the greater proper motions. have been investigated 


first, leaving only the more distant ones with correspondingly smaller proper motions. 
It is true, however, that even the clusters discussed above have by no means been 


| out from an astrometric standpoint. especially in the case of the fainter and 


] 
WOrkKeé 


cluster members 


The successive colour luminosity arrays in Figs. 5, 7, 9, 11 and 13 show, in outline, 


the section of the array populated by previously discussed clusters until, in Fig. 13, 


we see a regular progression of ‘“‘break-away”’ points from the main sequence, ranging 
Qm2 for the Pleiades. through —0™05 for Coma Berenices, +0™1 for 


from P—V near 
Praesepe, and +0™3 for NGC 752 to +05 for M 67. This striking feature and many 
others were first noted, in outline at least. by RoBERT TRUMPLER; using spectral 
types (H—R diagrams), TRUMPLER, working single-handed in the twenties, accom- 
plished much of the work now being done, by many. with colour-luminosity arrays. 


OLIN J. EGGEN 265 


Another noteworthy fact, evident in the colour luminosity arrays for Coma Beren- 
ices, Praesepe and NGC 752, is that the few giants which appear in each case show 
very little dispersion about a mean luminosity equal to or only slightly higher than 
that of the brightest early-type stars in the cluster. Although M 67 fits in, generally, 


with the run of the other clusters. the colour-luminositv array in Fig. 13 shows two 


distinguishing features: (a) the presence of several stars that are bluer than the 
break-away point and (b) a comparatively large dispersion in the luminosity of the 
giants. The colour-luminosity arrays for Praesepe and Coma Berenices in Figs. 3 and 
9, however, also show in each case one star that is significantly bluer than the rest 
and feature (a) may result from the fact that, whereas the members of M 67. the 


richest galactic cluster known, are numbered by thousands, Coma Berenices and 


Praesepe contain approximately only 50 and 200 stars, respectively. The compara- 


tively large number of giants in M 67 can also be explained by the richness of the 


cluster and, perhaps, this fact can also be invoked to explain the larger spread in 
luminosity of these giants since, when al/ the main sequence stars are considered, the 


ie! 
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brightest giants observed in M 67 are still only slightly more luminous than the 


brightest early type stars. 


Attempts to interpret the colour-luminosity arrays discussed above have, usually, 
taken two directions in which both the similarities and the differences between one 


array and another are explained as the effect of. 


A. Original chemical composition of the stars 
B. Evolutionary history of the stars. 


It is safe to predict that if the true answer contains features of either explanation, 
it contains features of both. 

The origins of the modern views of stellar evolution are easily traced to the work 
of RusSELL, and especially of EDDINGTON, a quarter of a century ago. A convenient 
and important milestone is the interpretation, mainly in terms of A above, of the 
HERTZSPRUNG-RUSSELL diagram published by BENGT STROMGREN in the Zeitschrift 
fiir Astrophysik of 1933: at this stage stellar evolution was introduced only as a 
correction to the main argument. 

“We hereby arrive’, said STROMGREN, “‘at the conclusion that mass and hydrogen 
content determine a star's configuration and appearance, and hence determine the 
star's position in the HERTZSPRUNG-RUSSELL diagram. .. . The peculiarities of the 
distribution (of stars) in the H-R diagram are a consequence of the peculiarities in 
the distribution of mass and hydrogen content and of the peculiarities of the trans- 
formation from the mass—hydrogen-content diagram to the H-R diagram.” By 


making this latter transformation, from semi-empirical mass—hydrogen-content and 


purely empirical mass-luminosity diagrams, based on the material then available, 


STROMGREN constructed the lines of equal hydrogen content and equal mass in the 
H—R diagram. In Fig. 14 we have converted this result to the colour-luminosity 
array. where the continuous lines connect points of equal hydrogen content, the 
broken lines points of equal mass. A quantitative value for the hydrogen content, 
connected with each continuous curve, is not given and would have little meaning 
since (a) some of the basic assumptions made by STROMGREN have been altered by 
more recent work and (b) the exact form of the curves in Fig. 13 depend upon un- 
certain bolometric corrections and complicated temperature-colour relations. 

The important result is the similarity of the continuous curves in Fig. 14 to the 


colour-luminosity arrays of the clusters discussed above, especially in the progression 
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of the break-away points from the main sequence as we pass from the Pleiades to 
M 67. Since this latter feature of the colour-luminosity arrays had already been 
noted by TRUMPLER in the cluster H—-R diagrams, the possibility of explaining these 
cluster diagrams on the basis of STROMGREN’s results was immediately investigated 
by (x. P. KUIPER. In the Astrophysical Journal for 1937 KUIPER published his con 
clusions: “The hypothesis is proposed that the clusters are groups of stars of nearly 
the same hydrogen content. This hypothesis explains well-known properties of clusters 
(Ordinary giants do not occur in a cluster that contains O or early B stars. The 
spectrum-luminosity arrays of clusters show less scatter than the arrays for stars in 
general... . The main sequences for clusters differ in shape.) The composite cluster 
diagram is identified with a set of lines of constant hydrogen content, although 
systematic deviations may occur for the very luminous stars. owing to the ageing 
of the clusters. The relative position of the clusters is adjusted with . . . spectroscopic 
parallaxes. The result is that the lines of constant H-content are crowded together 
on the lower part of the main sequence. ” 

A difference will immediately be noticed between KUIPER’s conclusion and the 
manner in which the colour-luminosity arrays of the clusters were treated above. By 
relying heavily on spectroscopic parallaxes—a reliance that, as he realized, is some 
what weakened by circular reasoning—KvutrerR found that, although the main 
sequences of the clusters on the hypothesis of equal hydrogen content were not 
displaced from one another as much as might be implied by Fig. 14. nevertheless the 


spread in luminosity for different clusters at, say, a colour of P—V 0™5 might 


be a half a magnitude or more. If this is so. then the distances derived above by 


standardizing the Praesepe main sequence with the use of parallax stars, and then 
forece-fitting the main sequences of the other cluster to it. will lead to a differential 
error that increases from the Pleiades to M 67; the absolute error will of course 


depend on the hydrogen content of the parallax stars used in the standardization 


It is. therefore, highly desirable to test the fundamental assumption made in 
constructing the colour luminosity arrays of the clusters, that is. that the main 
sequence for P—V greater than about +04 are identical with one another and with 
that of the nearest stars. There is evidence to the contrary in the colour-luminosity 
array shown in Fig. 15 which was constructed from 350 stars, each with a mean 
parallax (from at least two trigonometric determinations at different observatories) 
greater than 0°05; known double stars were excluded unless the components differ 
by 0™5 or less, in which case the mean colour and luminosity of the components is 
plotted, or if the magnitude difference exceeds 2™5 and the companion could be dis 
regarded. 

Even if we disregard the obvious giants, the main sequence in Fig. 15 seems to 
have, for a given colour, a width of at least a magnitude. Of course, despite the fact 
that only twice observed parallaxes larger than 0°05 have been used, some of the 
spread can still be attributed to errors in My, but if we still further refine tne data, 
favouring only the most heavily weighted values of the parallax, the spread persists 
until we reach a point where further refinement would leave too few stars for dis- 
cussion, when the red end of the sequence splits into two sequences—or ridge lines 
separated by about a magnitude. This latter result will be referred to again. 
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Unfortunately, the parallaxes of the stars in the clusters discussed above are either 
too small to be measured or, if measured, so small as to be subjected to uncertainties 
much greater than the one magnitude spread of the main sequence in Fig. 15. 
There is, however, a cluster not yet discussed, the Hyades, which is so close to the 


Sun that its depth (8 to 10 parsees) is an appreciable fraction of its distance (40 


parsees). The parallax (0°025) is still too small to be reliably measured trigonometri 


cally. but the large depth to distance ratio produces easily measurable variations in 


the size and direction of the proper motions of the individual stars, dependent upon 
their location in the cluster, which permit, from the assumption that the stars are 
actually moving together in space, a determination of the apparent convergent point 


of these proper motions. The co-ordinates of this point (A, ))) are 


A 6h] Sm 


dD ih 


of about 125 cluster members have also been 


Furthermore, the radial velocities, p,. 
44 km/sec, where A is the angular 


measured. giving a mean value of V, p, sec A 
distance of each star from (A, D). We can then compute the parallax of each cluster 
member from its total annual proper motion pw and the relation 7 — 4-74 y/V, sin A. 
This has been done for the known members and the colour luminosity array is plotted 
in Fig. 16, 

The outline of the Praesepe colour-luminosity array from Fig. 3 is also shown in 
Fig. 16 and it is obvious that the main sequence of Praesepe, standardized by the 
nearest stars in Fig. 2, is identical with that of the Hyades, independently deter- 
mined by the cluster parallaxes. Indeed, the two clusters are nearly identical in all 
respects; the main sequence with the sprinkling of double stars (some known, others 
surmised as in Fig. 1 and indicated by crosses), the one singularly blue star, the four 
Fig. 17. In fact, this great similarity 


=" 


red giants, the two-colour relationships in 
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between the two clusters in itself weakens any attempt to generalize on the coin 


cidence of the main sequences and justify the force-fitting of the other clusters dis 


cussed above. The argument would be that the main sequences are identical because 


the clusters are identical or, following the SrROMGREN-KvurIPER hypothesis, because 


the hydrogen contents are equal. The plausibility of this argument is heightened 


when we consider the space motions of the two clusters. From the observed mean 


proper motion and radial velocity of the Praesepe cluster, and the distance derived 


above from equations (1) and (2), we find the following three vectors of the cluster’s 


galactic motion with respect to the Sun; the same vector motions for the Hyades 


were based on the mean cluster parallax 


H yades 


U (directed away from the galactic centre +40) +40 km/sec 
V (in the direction of galactic rotation 21 18 
W (toward the galactic pole) 7 2 


If we reverse the argument and derive the parallax of the Praesepe cluster from the 


assumption that it is moving in space with the Hyades, we obtain 7 — 0°0075, which 
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leads to U +40, V 19 and W 2 km/sec. In view of the smallness of the 


proper motion of Praesepe the agreement is satisfactory. The fact that Praesepe and 
Hyades are probably moving together in space was mooted nearly 50 years ago by 
HERTZSPRUNG and K. SCHWARZSCHILD: and several intervening investigations, 
especially one by R. E. Wiison, have shown that about 100 bright stars, twenty or 
so of which are within 20 parsecs of the Sun, also share this motion. Another “!super- 
cluster’, or group, of stars that share the smaller, but well-determined, space motion 
of Sirius (U 14, V=0, W 12 km/sec) was also noted by HERTZSPRUNG 
and others. The 50 odd bright stars, culled as the most probable members from 
several lists of possible members of the group, were used to construct the colour 
luminosity array shown in Fig. 18. The relationship between the P-V and U-B 
colour for these stars is also compared with the standard, the Praesepe—Pleiades rela- 
tionship in Fig. 19. 
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The group membership of these stars is decided by the fact that their apparent 


motions, that is, their radial velocities and proper motions. appear to converge to 
the same point (A, )) toward which Sirius is moving, A = 20> 44m, JP) 43°7, 
with a space velocity relative to the Sun of V; 18-4 km/sec. The parallaxes are 


then computed, as for the Hvades stars above. from the relation 7 4-74 4 V,sina. 
In addition to the colour-luminosity array for the Sirius Group. Fic. 18 also con- 
tains. in outline. that of the Pleiades from Fic. 7. The main sequences up to P-V 


2 are apparently nearly identical and by comparison with Fig. 9 we would 

» the Sirius Group between the Pleiades and > (Coma Berenices cluster in the 
progression of break-away points illustrated in Fig. 13. The Sirius Goup appears to 
cont in Many more giants than the Coma Berenices cluster but this probably only 
results from the greater total population The large number of intrinsically bright 


main sequence stars in the Sirius Group. compared to the number fainter than say, 


Fr 


M, ~4™. is an effect of observational selection since the group members were 
selected from the apparently bright stars for which relatively more accurate proper 
motions and radial velocities are available. 

To complete the argument that the force-fit method of determining the distances 
of clusters, used above, is valid, we will mention two additional groups of stars—the 
¢ Herculis Group and the 61 Cygni Group. 


7 
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The mean space motion of the Sun, with respect to the observed stars in the 
general field is, in the co-ordinates already described, close to U=+11, V 17 
and W 7 km/sec, that is, these vectors (with the opposite sign) represent the 
average space motion relative to the Sun of the observed stars. The average total 
space motion of these stars is then 21-4 km/sec and the value of V; 18-5 km/see 
for the Sirius Group is near the average, whereas V ; — 44 km/sec for Hyades-Praesepe 


is relatively large. There are a few stars for which the well-determined space motions 


are still higher, 75-100 km/sec; three examples, all with accurately known proper 


motions, radial velocities and distances, are the following: 


Star U 
3 Hydri +53 $3 28 74 km/sec 
¢ Herculis +54 17 24 74 
61 Cygni +92 53 6 108 
The first two stars are apparently moving together, toward A = 5°48™ and D 


16°5, and a search through the stars whose well-determined proper motions and 


radial velocities are known to be large. but whose trigonometric parallaxes are more 
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uncertain, revealed 22 additional stars apparently moving towards the same point. 
The parallaxes of these stars have been computed on the assumption that they 
appear to move toward this convergent point because they actually possess the 
same space motion as ¢ Herculis, and the resulting colour-luminosity array is shown 
in Fig. 20. A similar search for stars that may share the space motion of 61 Cygni 
revealed 14 possibilities whose colour-luminosity array is also shown in Fig. 20. The 
members of M 67 in Fig. 13 whose colours are similar to the stars represented in Fig 
20 are replotted in the latter figure. Fig. 21 shows the relationship between the two 
colours for the Group and for M 67 stars, compared to the standard Praesepe relation- 
ship of Fig. 4, and there is no reason to suspect that interstellar absorption has 
affected the observations; it must be kept in mind that the determination of U-B is, 
compared to P-V, a relatively difficult observation, especially for the faint stars 
in M 67. 


If we accept the evidence offered by the stellar groups—the nature of which is not 
completely understood, nor is their existence unequivocally established and universal- 
ly accepted—the force-fit method of determining the cluster distances seems to be 
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justified for Praesepe by the Hyades, for the Pleiades and Coma Berenices by the 
Sirius Group and for M 67, and, perhaps, for NGC 752, by the ¢ Herculis and 61 Cygni 
Groups. Or, to put it another way, the main sequences, for P—V redder than about 
-0™4 or +0™5, seem to be identical in all the clusters and groups discussed. 

If the main sequences are as similar as they appear to be for the clusters and 
groups discussed above, then the large spread in that of the colour-luminosity array 
for the nearer stars, in Fig. 15, needs an explanation. Taking a clue from the above 
discussion of groups, we will add another parameter to Fig. 15; the space motion. 
The proper motion, radial velocity and trigonometric parallax of each of the 350 
stars have been used to compute the vector motions l’, V’, and W, which, in turn, 


define the individual galactic orbits. These orbits were then divided into classes. in 


the following manner. suggested by R.v.p.R. WOOLLEY: 


Class 


where ¥ is the distance from the Sun’s galactic orbit to that point in the star’s orbit 
which is closest to the calactiec centre (pericentric distance). Stars of Class D,. for 


example, pass within 7 kiloparseecs of the galactic centre and those in Class E 


within 3-5 kiloparsecs. The absolute values of ) are uncertain since they depend 


upon an assumed distance from the Sun to the galactic centre (10 kiloparsees) and 


upon adopted values for the so-called constants of galactic rotation (OORT constants) 
I 


but regardless of numerical size, the classification from Class A to Class E+ represents 
a gradation of increasingly close approaches to the centre of the Galaxy. 
The colour-luminosity arrays for the stars in classes A to E+ are shown in 
Figs. 22-27, where a section of the Pleiades main sequence is also shown in outline. 
The source of much of the spread in the main sequence of Fig. 15 is obvious in 
Figs. 22-27. In the first place, each class of stars presents a colour-luminosity array 


that looks very much like that for a group or cluster, with a regular progression 
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CLASS E+ 


toward increasing values of P—V of the break-away points as we go from Class A to 
Class E+. Since each break-away point creates a scatter above the main sequence, 


the combined colour-luminosity array of Fig. 15, at least to P-V ~ +0™5, is 


broadened greatly. The same effect would appear if we plotted colour-luminosity 


arrays for all the clusters and groups discussed above in a single diagram. Secondly, 
it appears that. in spite of the evidence of the stellar groups, there may be at least 
two main sequences for stars redder than P-V ~ +0-5. A few stars tend to broaden 
the main sequence of the Class A stars in Fig. 22 and Class B in Fig. 23, but they 
might easily be explained away as poor parallaxes. However, easily visible in Class C 
(Fig. 24) and obvious in Class E+ (Fig. 27) are definite subdwarfs, forming a se- 
quence about three-quarters of a magnitude below the main sequence, and parallel 
to it 

3ecause the picture is blurred by the inevitable presence of uncertain parallaxes, 
we are unable to judge from Figs. 22-27 whether or not the dwarf and subdwarf 
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sequences are discrete. There are observations, however, that will ultimately be 
available and which may answer the question in the following way. Although we 
presented a two-colour plot of U-B against P—V for the members of the clusters 
and groups discussed above, this was not done for the objects represented in Fig. 15 
because values of U-B are available for less than half the stars and some of those 
that are available, are of low accuracy because of the extreme faintness of many of 
the stars. The values that are available, however, indicate that not only is displace 
ment below the main sequence connected with an ultra-violet excess, that is, with a 


smaller than normal value of U—B. but that the amount of ultra-violet excess may be 


an indication of the amount of displacement. It should be mentioned in this con 


nection, that a few values of U-B indicate that the clump of a half-dozen M-type 


stars displaced from the main sequence of Class C (Fig. 24) near P—\ !Jm? to 

1™3 have a strong ultra-violet excess 

The grouping of the stars into Classes A to E+ depends upon both the orientation 
and the eccentricity of the galactic orbits, but, in general, the greater the eccentricity 
the greater the space velocity and the later the class. The colour-luminosity array 
for the high-velocity groups 61 Cygni and ¢ Herculis in Fig. 20 is very similar to 
that for Class D in Fig. 25 and, indeed. contains several of the same stars. The 
colour-luminosity arrays for the Sirius Group (Fig. 18)—Class A—and Hyades 
(Fig. 16)—Class B—are quite similar to those in Figs. 22 and 23, respectively. It 
appears to have been an accident that the 61 Cygni and ¢ Herculis Groups. used to 
justify the main sequence of M 67, have this sequence identical with Praesepe 
because a different choice of stars. a group containing subdwarfs. would have led 
to a different conclusion. In fact, there is a group of about a dozen Class E stars that 
share the space motion of the well-known subdwarf uw Cassiopeiae. In this direction 
however, we have reached the borders of what a summary report can contain and 
in a sense, we have come full circle, for, although perhaps not in the clusters dis 
cussed by Kurper or for the exact reasons suggested by STROMGREN, we are not 


left with an unambiguous definition of a main sequence. 


We will retreat to 1933 when STROMGREN, in the classical paper already referred 
to, said, ““One would . . . expect that the tracks of evolution in the H-R diagram 
are the lines of constant mass (broken lines in Fig. 14). One would further expect 
that the hydrogen content decreases so that the stars expand’’. This line of reasoning 
has been developed by several investigators, including CHANDRASEKHAR, SANDAGE, 
SCHWARZSCHILD and Hoyte. In a rough, and extremely simplified way, the argu 
ment is as follows. There is a main sequence populated by homogeneous stars con- 
sisting of a convective (highly turbulent) core and a radiative (relatively quiescent) 
envelope; the core contains 10-15 per cent of the mass of the star. If the star is 
similar to the Sun, then, through the carbon—nitrogen cycle or, perhaps, the proton 
proton chain, first the hydrogen in the core and then that in a shell of increasing 
size around the core is converted into helium, causing the luminosity to rise and 
placing the star approximately a magnitude above the original main sequence with 
an essentially unchanged surface temperature or colour. The core then begins to 
contract, releasing energy in much the same way as that proposed by HELMHOLTZ in 
the quotation on page 258, and causing a rapid expansion of the envelope and there- 
fore a decrease in the surface temperature, that is, the star moves nearly horizontally 
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to the right in the colour-luminosity array. On the other hand, if the star is of B-type, 
P-V ~ — 02, its structure may be radically different and the consumption of hydro- 
gen more rapid, causing the star to move nearly directly from left to right in the 
colour-luminosity array. The rate at which these processes take place is proportional 
to the ratio of luminosity to mass, and therefore increases with luminosity, so that 
at any given time the locus of points representing stars in a coeval group, or cluster, 
will in fact look somewhat like the lines of equal hydrogen content in Fig. 14; the 
evolutionary paths of the individual stars will be similar to the broken lines of equal 
mass in the figure. However. the differential rate of evolution is such that practically 
no star redder than P—-V -0™5 has evolved at all and, consequently, the main 
sequences for all stars come together at this point. 

Therefore, with suitable assumptions, the progression of break-away points illus 
trated for the clusters in Fig. 13 can be interpreted to indicate the relative ages of 
these clusters. since the age is a function of the luminosities of those stars that are 
just beginning to undergo a change of structure due to hydrogen consumption and 
therefore just moving off the main sequence 

The Pleiades cluster (Fig. 7). for example. is a young cluster and its main sequence 
is—or is close to—the primeval sequence, whereas the Sirius Group (Fig. 18) is 
somewhat older and shows its age by the existence of several red giants and the 
sharply defined break-away point near Wy 0. The B-type stars, once the brightest 
stars in the group, have burned out their hydrogen, appeared perhaps briefly as 
red giants, and passed on to what is yet an uncertain fate. Some of the early A-type 
stars have moved rapidly to the right and now are the yellow giants near My Qm 
P-V O™8. while others have only begun this change and appear as A-type 
giants with P-V between —0™1 and +0™1]; the exact present location of the original 
A-type main sequence stars, on the My ~ 0™ path from P-V Om] to +16, 
perhaps depends on such individual characteristics as the rate of rotation, which 
may control the availability of the hydrogen and therefore the rate of evolution. The 
presence of gaps in the distribution along this Wy ~ 0™ track—such as the ““HErRtTz- 
SPRUNG gap between P—V om} and +0™7 in Fig. 18—may indicate that the 
course of evolution is not smooth and the snapshot represented by the colour-lumin 


osity array is less liable to catch stars in one stage of the process than in another. 
Proceeding to NGC 752 (Fig. 11), although a few of the original main sequence 
F-type stars linger as G-giants, all the A- and B-types have disappeared into the 


Never-Never along tracks that. at the present. cannot even be described as esoteric. 
And in M 67 (Fig. 13), with the exception of a few evolutionary laggards, still linger- 
ing on or near the early-type main sequence, only the dwarfs of G-type or later are 
left. The range, from Wy _3™5 to 0™, of the giants in this cluster. and in the 61 
Cygni and ¢ Herculis Groups (Fig. 20). is larger than that of the other clusters 
because the evolution in this very old cluster has reached stars of relatively low 
luminosity and, since its rate is related to that luminosity, the ultimate and still 
unknown fate which will remove the stars from this section of the colour-luminosity 


array is longer postponed. 


The colour-luminosity arrays of the clusters and groups, then, differ only because 
the clusters are in different stages of their development. How can we test this con- 


clusion / 
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We assume that, in general, a star’s mass is conserved in its evolution, which 
means that a star in Fig. 18, for example, now at My—0™, and P-V= +08 still is as 
massive as it was when at, say, My—+1™, andP-V 0™1. Unfortunately none 
of the stars in Fig. 18 near these points are visual or eclipsing binaries, so a mass 
determination is not possible. However, there are two visual binary systems for 
which well determined orbital elements and parallaxes are available and which fall 
in about the designated points in the array—« Aurigae and ¢ Ursae Majoris. The 
colours and luminosities of the individual components of « Aurigae and the mean 
of the equal components of ¢ Ursae Majoris are plotted in Fig. 28, where the area 
enclosed by continuous lines indicates the run of the colour-luminosity array for 
Coma Berenices from Fig. 9. The orbits and parallaxes of these systems give, in 
terms of solar mass, 3-0 © for « Aurigae and 3-1 © for ¢ Ursae Majoris—in each case 
the mean of both components. The bright components of the visual binary x Ursae 
Majoris and the eclipsing system 8 Persei, which are also plotted in Fig. 28, have 
well-determined masses of 6-8 @ and 5-0 ©, respectively. Allowing for the inevitable 


uncertainty in even such well-determined masses as these, they do not contradict 
the assumption that « Aurigae and « Ursae Majoris have evolved from stars similar 
to ¢ Ursae Majoris and £ Persei. Also, the mass of € Herculis, 1-1 ©, compared with 
that of the Sun is consistent with the possibility discussed above, that it evolved 
from the main sequence, somewhat bluer than the Sun, and has brightened up about 
a magnitude in the process. Unfortunately, many of the available mass determina- 
tions are for components of eclipsing systems, and the fact that a large percentage of 
these consist of stars close enough together to have affected each other’s evolutionary 
processes, makes the resulting conclusions inapplicable to single stars. 

The distribution of the giants in the colour-luminosity array for M 67 (Fig. 13) is 
of particular interest. As already mentioned, the large range in luminosity of the 
giants may result from the fact that the evolution in this very old cluster has reached 
stars of relatively low luminosity and that, since the rate of evolution is related to the 


luminosity, the low-luminosity giants may linger longer. This, however, is not the 
usual explanation. In the rough outline given above of the evolutionary process, it 


was stated that a main sequence star similar to the Sun, after brightening a magnitude 
or so without reddening, would move to the right of the colour-luminosity array as a 
result of lowering surface temperature, caused, partly at least, by the contraction of 
the stellar core. This contraction, however, probably cannot maintain a temperature 
gradient, so that the core becomes isothermal and the stars’ energy is supplied by 
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hydrogen burning outside the core. A hydrogen convection zone is created which 


steadily grows in size and the star rapidly increases its luminosity with time. This 
explanation for the giants in M 67, which then would all have originated on the main 
sequence at about the same luminosity Wy ~ +4" (although not a logical extension 
of the argument in terms of evolution along nearly horizontal tracks used for the other 
galactic clusters) is introduced because of the analogy between the colour luminosity 
array for this cluster and that observed for the globular clusters, discussed below. 

If the giants in M 67 have evolved in this way, then those near My 0™ should 
have near solar masses. Also, if the stars in the general field, such as those represented 
in Fig. 15. represent a mixture of ages, then we might expect the yellow giants to be 
a mixture of stars that have evolved directly from the main sequence without much 
change in visual luminosity and therefore have masses of 3 to 6 solar masses, and 
old stars that have evolved in the manner just described from the main sequence 
near the Sun and with. thereafter. near solar masses. Although SANDAGE has esti- 
mated that the older stars of solar mass should outnumber the younger ones by 
3 to 1. the only reliably known masses for yellow giants near J, 0™ are comparable 
with those of main sequence stars of the same luminosity—but the number is small. 


? 


The fact that stars can arrive at Wy ~ 0™ to +2™ as young stars, moving nearly 


straight across the colour-luminosity array, and as very old stars, moving up from the 


main sequence near the Sun, gives rise, by means of what SANDAGE has called the 
“funnel-effect”’. to a heavy concentration of KO-K2 giants and may explain the 
observed fact that the luminosity function of K-type stars in the general field shows 
a maximum near JJ, Im. Also called in evidence, in support of the funnel 
effect. is the fact that the velocity dispersions of the G—K giants and G dwarfs are 
similar and are both oreatel than that of the A type stars 

{nother way of looking at this latter effect, for the nearer stars, is shown in Fig. 
29. where the colour-luminosity arrays for all stars apparently brighter than visual 
magnitude 5 and absolutely brighter than MW, 4" whose parallaxes determined 
by at least two observatories are greater than 0°02, are plotted—the sorting of the 
stars into classes A to E was carried out in the manner described above for the 
stars within 20 parsecs of the Sun. The main sequences beyond about P-V 1 (nd, 
are not represented, but, supposedly, they would be nearly the same for all classes 
as indicated in Figs. 22—27. 

Since the classifications are based on the eccentricity of the galactic orbits and, 
therefore, in general on the velocities, both the early and late type stars in Class A, 
for example. have the same dispersion in velocity. If we combine the Class A stars 
with. Say, those in Classes D and K. the velocity dispersion ol the combined group of 
late type giants will be increased, but that of the early types—since Classes D and E 
contain none—will be unchanged. Therefore, any group of stars chosen from the 
general field will show a greater velocity dispersion in the late-type giants than in 
the A-type stars, but no conclusions about the origin of these giants can be based o1 
this fact alone, since the velocity dispersions of the G dwarfs of any one class, A to 
K+, will be identical with that of the giants, as well as of the A-type stars, in the 


same class. 


A further source of information. bearing directly on stellar evolution, is available 
in the colour-luminosity arrays for globular clusters. Because of the faintness of the 
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stars in these clusters and, therefore, the difficulty of observations, the exploitation 
of this field is only beginning. Preliminary studies of several clusters have been 
published; the most extensive material available is that for M 3, whose colour 
luminosity array is shown in Fig. 30; the outlined array is that of the Pleiades. The 
plotted points represent mean values of the visual magnitude in groups of ten or 
more stars, converted to absolute magnitudes by fitting the faintest stars to the 
Pleiades main sequence. The shape of the subgiant-giant sequence, B, is seen to 
somewhat resemble that of M 67 (Fig. 13) and, also similar to M 67, there is a blue 


LD 
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horizontal sequence, C. The RR Lyrae or cluster-type variables in M 3, and probably 
in all globular clusters, fall in a well-defined region of the horizontal branch; this 
region for M 3 is indicated by a bar in the centre of sequence C. On rather shaky, but 
the best available. evidence, these variables are usually regarded as having My 
0™, and the value of +0™2 derived for those in M 3, by fitting the main sequences 
in Fig. 30, is not unreasonable. The two-colour diagram for the mean points in 
Fig. 30 is shown in Fig. 31, where the location of the stars that populate the sequences 
A. B and C is also indicated; the outlined area is that defined by the Praesepe 
Pleiades two-colour relationship. The stars of sequence B deviate noticeably from 
the standard relationship, and those of sequence A deviate by as much as half a 
magnitude. The stars of sequence A are, of course, the faintest observed in the 
cluster, reaching magnitude 21, and the U—B colour, a difficult observation to make 
under much better conditions, becomes suspect when obtained for such faint objects 


in the crowded field of a globular cluster. However, although the exact position of 


sequence A stars in Fig. 31 may be in some doubt, the run of sequence B stars above 


the standard relationship—that is, the stars show an ultra-violet excess—is certainly 
real and makes impossible a determination of the reddening of the cluster by the 
method indicated above for the Pleiades. This is especially true when the position 
of sequence C stars in Fig. 31 is considered, since they show, if any deviation at all, 
an ultra-violet deficiency. A reddening correction might be determined from the 
sequence C stars, but if the sequence A and sequence B objects are not similar to the 
standard Praesepe—Pleiades stars, there is no reason to think those on sequence 
C are more normal. 

The outlines of the colour-luminosity array and the two-colour relationships 
for M 3are repeated in Figs. 32 and 33, where a synthesis of several preliminary investi- 
gations of the globular cluster M 13 is also shown schematically. The luminosities 
for the M 13 stars were obtained by fitting the faintest cluster stars to the Pleiades 
main sequence. The two-colour relationship in Fig. 33 is something of a surprise, 


since it indicates no ultra-violet excess for the sequence B stars; U-B colours for 
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sequence A stars in M 13 are not yet available. There were only indications of an 
ultra-violet deficiency in the sequence C stars of M 3, but this deficiency is undeniable 
in M 13. Sequence C for M 13 in Fig. 32 is somewhat idealized, especially in the region 


occupied by cluster-type variables indicated by the unshaded area, since this cluster 
is very poor in such variables compared to M 3. 


Whereas force-fitting the main sequence of M 3 to that of the Pleiades gave a value 
of the luminosity of the cluster-variables reasonably close to that expected, the same 
procedure for M 13 puts those in that cluster near My 2m. If we reverse the 
procedure, and assume the variables are near My —0™, the main sequence of M 13 falls 
2 magnitudes below that of the Pleiades and is reminiscent of the subdwarfs among 
the Class C, D and E stars near the Sun in Figs. 24—27. Also, like the globular cluster 
stars, these later subdwarfs show an ultra-violet excess. The material available for 
other globular clusters indicates that the problem is widespread and that there is 


19 
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either a series of main sequences for globular clusters or a series of choices for the 
luminosity of the variables. depending upon which we choose to fix. This quandary 
is a barrier both to the interpretation of the arrays for globular clusters and their 
use in distance determinations until we can observe several varieties of clusters at 
some fixed distance—such as those in the Magellanic Clouds—and learn their class 
characteristics. Even a study of the clusters in the Magellanic Clouds may give us 
information that is not transferable to field clusters, but, from an evolutionary stand 


they ire of enough interest in themselves. 


teresting question, in connection with the colour-luminosity arrays of globular 
is the origin of the RR Lyrae stars. If the stars in such clusters are as old 


ve. any objects originally on the main sequence at My 0m that have as 


ached the RR Lyrae region must either have had a stunted evolution 


perhaps, an abnormal constitution, or have arrived at that region in its 

‘volution from some other part of the array. The usual argument is that the 

is true and that the stars that are now cluster type variables were 

main sequence stars of solar mass—a plausible argument or one that can 

with the right assumptions. A very sketchy outline of this argu 

is. that. when the stars have reached a certain point (near J/, 3™) on 

their course from their origin as solar type stars on the main sequence through sub 
TX bright red giants. because of mass loss o1 perhaps a change to helium 

| conditions are suddenly altered and. as a result. the star's 

is suddenly lowered. This stage may be followed by some form of general 

h moves the star into the cluste type variable region of sequence ‘fe 

ultimately to the white dwarf region near Jy ~ ll and P-V ~ 


hite dwarfs. which have not been previously mentioned, also occur in a few 
galactic clusters. such as the Hvades and. perhaps Praesepe and Coma Berenices 
and are thought to be the remains of the early type stars in these clusters. which. 
presumably 


} 


irrived at the white dwarf stage through a different process than that 


1] 


ist described. since the existence of a theoretical upper limit to the mass of a white 


rf requires some form of fragmentation, e.g. a nova explosion. But these stars 
necessarily faint and our knowledge of them is so incomplete that nothing can 


+ 


ne at present to equate their numbers to those expected in galactic clusters 


listening to this discussion.” said Sir ERNEST RUTHERFORD during a sym 

held at the Manchester meeting of the British Association in 1915, ‘it seemed 

nat astronomers May be proceeding too much on the assumption that the 

ae only procee is in one direction. That does not seem to be necessary. | 

oO reason why we should not have some stars condensing and others diverging.” 

recent work by Henyrey, Herpia and WALKER, summarized below, bears 
timony to Sir Ernest's perspicacity 

The youngest. on the evolutionary hypothesis. of the clusters so far discussed is 

the Pleiades. which is also the only cluster that appears to be appreciably affected by 

interstellar absorpt ion. The well-known connection between the galactic distributions 

of absorbing matter and of early-type stars would lead us to expect that still younger 


clusters, that is, those containing O-type stars, would be still more affected. Such a 


J 
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cluster is NGC 2264 for which the two-colour relationship, from photoelectric observa 
tions of probable members, is shown in Fig. 34; the standard Praesepe-Pleiades 
relationship is also shown in outline. 

A striking feature of Fig. 34 is the well-defined two-colour relationship for stars 
with P-V bluer than 0, which is displaced from the standard relationship in a 
direction and by an amount that indicates a reddening of Kp_y _OmO8. The 
relationship for the redder stars, however, is nearly non-existent. The cluster is seen 
projected against an almost completely opaque absorbing cloud, so that the possi 
bility of explaining the position of the redder stars in Fig. 34 as due to very large 
amounts of reddening of O- and B-type stars seems untenable in view of the appar 


ently uniform reddening of the bluest stars, unless, of course, the background stars 


themselves formed a cluster imbedded in the near side of the cloud. However other 
evidence, including spectroscopic observations, show that some of the red stars are 
not of early type and it seems well established that they, like the stars in some 
slobular clusters. show an ultra-violet excess com] ared to the standard Praesepe 
stars of the same P-\V. 


Ignoring, for the moment, the impossibility of determining the absorption from the 


redder stars and adopting the value FL p_, O™O8 derived from those bluer than 
P_-V OmO, we have fitted the faintest stars with corrected colour redder than 
P—V -~0™5 to the standard main sequence, and derived a distance modulus of 
Vo -U, V-3E-My sm2. The resulting colour-luminosity array is shown 


in Fig. 35. where that of the Pleiades is also shown in outline. There are several sur 


prising features in Fig. 35. The position of the main sequence, for P—V bluer than 


(m), might have been anticipated for a cluster that is younger than the Pleiades; 
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but the presence of yellow giants, four or five magnitudes fainter than the brightest 
early-type stars, and the large spread in the main sequence, are features not met with 
in the arrays for the galactic clusters already discussed. There are more stars, redder 
than P-V 00, above the main sequence than on it, and the spread is larger than 
be explained by the presence of double stars. Also, there may be a correlation 
the distance above the main 


can 
between the ultra-violet excess. shown in Fig. 34, and 


sequence in Kio. 35 in contrast to the suspected eorrelation for the nearby sub- 
dwarfs in Figs. 24-27, and perhaps for the globular cluster stars, between this 
excess and displacement below the main sequence. Additional evidence is necessary 


not only to definitely establish these correlations but also to disentangle them. for 


which purpose recourse to waveleneth regions other than that used for the U-magni 


tudes may he necessary. 
The method used in deriving the colour-luminosity array for NGC 2264 in Fig. 35 


il 


that is. by fitting the fainter stars to the standard main sequence, is not that usually 


adopted for such young clusters. Instead, it has been assumed that only those stars 
bluer than P-V ~ 0 are main sequence objects, and they have been fitted to an 
unevolved or “‘zero-age’’ sequence —similar to that defined by the early-type stars of 
the Pleiades. but approximately 0™5 fainter to allow for the evolution of these latter 
stars. When this is done. even the faintest members of NGC 2264 redder than 
P-V ~ 0 fall 1™5 to 2™0 above the standard main sequence, a position that is justi- 


fied by the limited spectroscopic evidence that some, at least, of these stars are 


subgiants 


The most interesting feature of these very young clusters is the fact that they 
contain representatives of the so-called T Tauri variables. The colours and luminosi- 
ties of some of these erratic variables are shown as crosses in Fig. 35—the colours 
and luminosities are instantaneous values, since the mean or the extreme values 
ire not known. No attempt has been made to indicate the position of these stars in 
Fig. 34. since the values of U—B occasionally change by as much as one magnitude 


one or two tenths of a magnitude change in V or P—V, possibly because of 
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intense emission. It is interesting that the spectra of these T Tauri stars, as well as 
some of the non-variable G—K stars in NGC 2264, show broadened lines which, if 
interpreted as resulting from large rotational velocities of the stars, is a result in 
direct contrast to the fact that for G—K stars in the other galactic clusters discussed. 
and in the general field, rotationally broadened spectral lines are extremely rare. 
The fact that such line-broadening is, in the late spectral types, mostly confined to 
the W Ursae Majoris type eclipsing binaries might indicate that the two types of 
variation are due to similar physical conditions—especially since large and erratic 
variations in the ultra-violet are comon to both—but whereas the W Ursae Majoris 
variables are mainly double-lined spectroscopic binaries, the T Tauri stars are not, 
so that the similarities are at best indicative of only a generic relationship 

Clusters such as the Pleiades and M 67 show their age by the fact that the early 
type stars have moved to the right in the colour-luminosity array, but the interpreta 
tion placed on NGC 2264 and similar clusters is that they are so young that the stars 
which will eventually end up on the main sequence, are still contracting out of the 
primeval gas cloud. Since the rate of evolution in this, as in later stages, is directly 
related to the luminosity, the early-type stars have already reached the main se 
quence, but most of the later-type dwarfs—and perhaps, in NGC 2264, a few of the 
red giants in Fig. 35—are still on the way. Pure gravitational contraction carries the 
star across the colour-luminosity array, approximately along a track similar to that 
indicated in Fig. 35 by a broken line, with only a slight increase in luminosity, but 
with rapid increase in surface temperature (colour) as the radius decreases. Some 
what before the proto-star reaches the main sequence, nuclear reactions begin and 
contraction gradually ceases, causing a decline in the luminosity and the beginning 
of a logarithmic approach to the main sequence. 

Whatever final interpretation is made of the colour-luminosity arrays of such 
clusters as NGC 2264, it is obvious that their stellar content—T Tauri stars, peculiar 
spectra, rotationally broadened lines in late-type spectra—insures that they are an 
important link in any evolutionary hypothesis and deserve the extensive study they 
undoubtedly will receive. In the meantime, examples of clusters younger than 
NGC 2264 or, although theoretical considerations indicate they may not exist, older 
than M 67 are more desirable than discussion of another Hyades or another Pleiades. 
In fact, further work on the Hyades or Pleiades themselves should not be overlooked 


a nose count, to the limit of existing telescopes, is still not possible in a single cluster. 


There are numerous other approaches—luminosity function, rotational velocity, 
chemical abundances—to the evolutionary question that have not been touched 


upon here. A few selected, mostly summary discussions of these approaches are 


included in the appended bibliography which also contains most of the observational 
contributions (photoelectric) to the question of colour-luminosity arrays, published in 
the last decade. 
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INTRODUCTION 


Ik THE astronomers in the last century had possessed, in the world of stars, an 
artistic genius equal to their intellectual grandeur, the realization of the fact that 


the dramatic multitude of stars is located not in the vicinity of the Sun, but in the 


direction of Sagittarius-Scorpius, would have dawned not in the twentieth but in 


the nineteenth century. A visual representation of the whole Milky Way would have 


revealed this at once. 


II. OBSERVATIONS OF THE Minky Way 


While I was in Australia and lived on the mountains near Canberra, I could 
observe the Milky Way during the seasons as it steadily covered larger and larger 
portions of the sky. Already on the way to Australia I had noticed, while in the 
southern Pacific Ocean, a special pattern of the regions of Ophiuchus, Sagittarius, 
Scorpius, Centaurus, Crux and Carina; a pattern which I could never observe either 
directly from the Northern Hemisphere, or vicariously reconstruct from the photo- 
graphs. The facts that the centre of the Galaxy culminates in Australia (at Mount 
Stromlo) practically overhead, and that the unobscured sky was often transparent 
down to the very horizon, gave favourable conditions for observing the greater part 
of the Milky Way from one place. The major body of luminous and dark matter 
stretching from about « Aurigae over the centre to beyond « Lyrae, has been thus 
inspected from Mt. Stromlo in the period from October 1956 till May 1957. 

I have first plotted the bright stars of the Milky Way, and then I have drawn 
with a blue pencil its dark regions, and with a red pencil its bright regions. Usually 


one could see a large portion of the Milky Way, and so I was able to compare in- 
tensities of different and far separated regions situated at the same altitude. As the 
season changed, different regions of the Milky Way came into sight; and I was able 
to interlock these regions in order to obtain more or less the same magnitude-scale 
all along the Southern Milky Way. During the second half of 1957, I repeated the 
same procedure in respect to the rest of the Milky Way in the constellations of Per- 
seus, Cassiopeia, and Cygnus. 

Since my primary programme in Australia consisted of obtaining spectra of 
emission stars, | combined my spectroscopic work with the drawing of the Milky 
Way in the following manner. During the exposure I worked in complete darkness 
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and, having left the star’s image to drift along the slit, inspected the Milky Way 
througn the opening of the dome, making corresponding drawings. (In drawing or 
perceiving the fine filament of the Milky Way, it is essential that the eye should be 
exposed to the darkness for at least 15 minutes, and that the angle of vision should 
be not less than 60°). After sketches of a few regions of the Milky Way had been 
tinished in red and blue, I re-drew these regions on a sheet of paper of some five feet 
in length with pen and indian ink. The density of identical strokes was made pro 
portional to the observed intensities of the bright areas. Thus the original drawing 
gives black regions as white; the negative of this drawing represents the Milky Way 
as 1t 18 actually seen. 

The brightness of the regions was quantitatively expressed in terms of that of the 
Magellanic Clouds. The visual apparent magnitude of the Large Magellanic Cloud 
was assumed by me to be m0 and that of the Small Magellanic Cloud + 1™5, 
tigures previously determined by me; (see also Fig. 3). For example, the brightest 
irea of the Milky Wavy lies around ?) Carinae and the next brightest is in Sagittarius. 


The former is 3™5,. the latter 3m2, 


II]. PROPERTIES OF THE Minky WAY IN THE VISUAL LIGHT 


\ simple “staring” at the Milky Way (to use the phrase of Dr. Ropert Opren 
HEIMER reveals many astounding features. some of w hich have never been recorded.* 


\ll of them are presented in Fig. 1. 


L. ( ontrary to expectations, the detailed inspection of the dark matter reveals an 
astonishing regularity in its distribution. The dark matter appears to form a con 


tinuous belt, whose length and breadth is broken and twisted in a few places 


2 The dark belt plerces the Milky Way in its veometric centre and thus divides it 
into two almost equal parts; the northern one with its brightest region in Carina, 


ind the southern one with its corresponding region in Sagittarius. 


3. The dark belt in the constellation of Vela and Carina shows a strange form 
resembling that ot an ao ae It bridges both halves ot the Milky Way from € Carina 
in the south to A Velorum in the north. 


+. The well-known ‘‘Coal Sack” is not an isolated formation nor is it alone. Its neck 
is clearly connected with another similar formation, the “Coal Tin” in Carina, which 
in turn flows into the lower part of the ““S” formation. The base of the ‘‘Coal Sack” 
is connected with the “Ditch”. the huge dark masses to the left of x Centauri. 


5. The “Ditch” begins at x Centauri, runs first smoothly along the middle of the 
Milky Way, and then, before the Norma region, curves upwards and reaches z 


Scorpi. 


6. orresponding to the “Ditch.” which is on the right side of the centre of the Milky 
Way, is a similar “Sweep” of dark matter on the left side of it. This “Sweep”, 
broader than the “Ditch”, begins at about Nova Aquilae 1918, and ends at the 

on the appearance of ie ky iy Was carried out some 
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results illustrated in the 


Fic. 1. The first visual representation of the whole 
Clouds; (faithfully drawn by Serc 
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region close to x Scorpii (in our drawing this is occupied by the Planet Saturn) where 


the “Ditech” and the “Sweep” coalesce. 


7. The “Ditch” and the ‘““‘Sweep” outline perfectly the central part of the Milky Way 

the ““Bulge’’—which is seen as the shimmering arch about the belt of the dark 
matter. There is an additional ‘‘ditch’’, thin and faint, to the South of « Centauri; 
there is no such “‘ditch” on the left side of the centre of the Milky Way. 


8. The very middle of this “Bulge” is irregularly obscured by six ‘“‘Lakes”’ of dark 
matter, which on the left side easily flow into the “Sweep” of Ophiuchus, but which 
on the right side are jammed by the narrow straits at y; and yo Normae, after which 
they join the “Ditch”’. 


9. The separation of the luminous body of the Milky Way is clear throughout with 
one exception in the region of Auriga and Perseus. In this region the “Shine” of the 
Milky Way is the weakest. This is the ‘“Tail’’ of the arm which is seen undivided in 
Gemini and Auriga—the “Backyard” of the Sun. The position in this region of the 
supergiant eclipsing system e« Aurigae, which is at least 3,000 parsecs from the Sun, 
indicates that the second lane outside is thin indeed. 


10. This luminous “Backyard” joins on the right with many “‘holes” in Perseus, 
Cassiopeia, Cygnus, Aquila, and Lyra, and on the left with the undefined region of 
the “Dogs” and Monoceros. The latter transform themselves into the most distorted 
regions of the Milky Way, those of Puppis, Vela, and Carina. 


11. There is no gainsaying that there is only one region—that around Sagittarius 
which may be regarded as the central part of the Milky Way. However, the dramatic 


regions to the right of the centre, especially that in the region of the “‘S”’ formation, 
are difficult to visualize as a superstructure of lanes: the luminous part is too wide 
as compared with that on the left side. It is as if a foreign body enters the Milky Way 


here. 


12. The brightest part of the bulge is just below the largest dark lake in Ophiuchus 
(close to @ Ophiuchi). Unfortunately the very centre of the Milky Way is washed 


over by dark lakes. 


13. Towards the South there is no luminous formation analogous to that towards 
the North. This absence indicates again that the Sun is above the plane of the Milky 
Way. (The first indication was that the Northern luminous part was definitely wider 
than that of the South.) 


14. There are quite a few “sweeps” and ‘arches’, black and white, which are 


significant, notably one bright sweep from about 7 Carinae to w Velorum. 


15. The most brilliant part of the Milky Way is around » Carinae and the 


brightest is that in Sagittarius. 


16. The Magellanic Clouds are, as seen perspectively, not far from the luminous 
haze of the Milky Way. This is especially true for the Large Magellanic Cloud. It has 
a distinct spiral or “S” shape, with the major axis directed perpendicularly toward 
the Milky Way. pointing to the star y Volantis. The Large Magellanic Cloud has a 
definite dark lane towards us and is tilted by 55:5 (90° is en face). The Small Magel 
lanie Cloud has no regularity of form and looks like a distorted “‘Knackwurst”’. 
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17. The possible connections between the Large Magellanic Cloud and the Milky 
Way are: (a) from 8 Carina and over y Volantis; (b) from y Velorum and under 


Canopus to 6 Doradus; (c) from x Trianguli Australis over the South Pole. 


18. The total apparent visual magnitude of the Milky Way is between 5™0O and 
620, That is why, when the regions of Sagittarius, Centaurus, Crux, and Carina 
are high above in the moonless and cloudless night. the light is sufficient to illumi 


nate your way over the stony ground from the telescope to your flat. 


IV. THe VisuAL PROFILE OF THE Mitky Way 


The graphical reconstruction of the Milky Way has previously been done eithe1 
of the Milky Way. notably by radio. The first method is similar to an attempt to 
draw a plan of a city, say that of Washington, D.C., from studying the plan of 
wnother city. sav Moseow. U.S.S.R. The second method recalls the situation of an 


by analogy with other galaxies, or by interpretive explorations of the distant regions 


expedition which attempts to explore the distant frontiers of the ocean before 


rating the harbour of departure. 

The visual profile of the Milky Way can easily be reconstructed from a schematic 
picture representing the main features of the system. These, as we have indicated 
above. are: Holes. Sweep. Bulge. Lakes. Ditech, Coal Sack. Coal Tin, ‘*S” shape, 
Backyard, and the Tail 

The circular arrangements of bright and dark regions around the Sun represent. 
ifter some modifications, the actual profile of the Milky Way as seen froma point in 
space far beyond the Sun. Indeed, the central part of the Milky Way will appear 
from that distant point as it appears from the Sun. The thin and weak shimmer of 


the “Backyard”, superimposed on the central part, will produce only small changes: 


there will be a thin veil over the regions of *‘Lakes’’, so that the upper bright areas 
will becomes slightly brighter and the dark lakes will be transformed into a con 

tinuous path of dark matter. The “Sweep” in Ophiuchus and the “Ditch” in Cen 

taurus will suffer some changes; their lower parts will be covered with a bright haze 
and then top parts will practically disappear The contrast between the “Coal Sack’’ 
and the “Coal Tin” appears less; the “‘S”’-shape will be cut in two by the bright 
regions from the “Dogs” to Puppis, and the “Hole” in Cygnus will be still darker, 
being covered by the “Hole” in Cassiopeia. The central ‘Bulge’, with its shimmer, 
will remain entirely unaffected in the North, but its shimmering counterpart must 
appeal in the South because the “Bulge” is symmetrical in structure. Some of the 
brightest stars. of about 70, will be seen along the central dark band of the 
Milky Way. | have indicated a few of them in the second part of Kio. 2. It should be 
particularly noted that « Aurigae, which is found originally in the “Backyard”, will 


now be projected to a position in front and slightly to the left of the Bulge’. 


ADDITIONAL VISUAL OBSERVATIONS 


During the same observing period visual impressions were recorded of the Large 
Magellanic Cloud (reproduced in Fig. 3). the globular cluster m Centauri (Fig. 4) and 


a rare auroral phenomenon (Fig. 5). 
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ited in much current astronomical theory, must play an im- 
r. In this article we consider the effect of introducing 

en much discussed in the literature: the condition of 

a condensation already formed; and the evolution of a 


significantly altered by the presence of the field 


INTRODUCTION 


THERE is now impressive evidence for a strong, large-scale galactic magnetic field, 
with an energy comparable with the kinetic energy of the mass motions observed. 
and probably greater than the thermal energy. The current density j maintaining a 
field H is cV,H/47. and so the force density exerted by the field is (YV,H),H/4z: 
hence if the field has a sufficiently large scale. so that the currents flow in circuits of 
large dimensions, the magnetic forces could still be small even if the field strength is 
large. But in the problem of star formation, we are concerned with the compression 
of tenuous galactic gas into a much smaller volume. Because of the strong coupling 
between matter and field, condensation in general implies a strong local distortion 
of the field and the generation of strong forces. 

Without asserting that earlier treatments of all problems in cosmical gas dynamics 
are obsolete, it is certainly imperative to reconsider results obtained by neglecting 
all forces except gravitation, gas pressure and centrifugal force. The introduction 
of magnetic (and indeed centrifugal) force seriously complicates the treatment, and 
detailed results will require the use of automatic computers. For the moment, how 
ever, exploratory approximate discussion is worth while, if only to help us to decide 
what problems to programme for machine solution. 

In this article we consider the effect of a magnetic field on three aspects of the star 
formation problem. First, the difficulty of forming small gravitationally bound 
masses from strongly magnetic matter is resolved by showing that matter and field 
do not move together in all circumstances. We then assume that a contracting 
proto-star has been formed, and discuss the effect of the field on the rate of gravita 
tional accretion (formation of a massive star from a small one by accretion being 
regarded as just formation in two stages). Finally, we illustrate the probable impor 
tance of a magnetic field in removing excess angular momentum from a condensation 
by a rather idealized discussion of the evolution of a rotating disk with an internal 
field. 


2. THE BREAK-UP OF A MAGNETIC CLOUD INTO STARS 


When a strong galactic magnetic field was first postulated, one of the objections 


raised by theoretical astrophysicists was that the field made star formation virtually 
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impossible. It was argued that the field is strongly coupled to the gas, so that if a 


globule of radius Ro, with a roughly uniform field Ho, contracts under gravity to a 
radius FR, then the field increases to 


Ro 
R 


) 4 (1) 


H = Ho| 


The force density exerted by the field is (YV,H),H/47, which is of order H2/47R ~ 
(HoRo7)?/47Rk°. The thermal pressure gradient in a cloud of temperature 7’ and 
mean molecular weight jp is pT /uR, i being the gas constant and p the density. 
While the cloud is diffuse the opacity will be low, and internal radiators—dust 
grains, molecules—will eliminate heat generated by compression, and keep the 
temperature nearly constant under contraction. Hence the pressure gradient in 
creases like 1/R?, while the gravitational force density ~ 3G./2/47R°. In order that 
the globule may begin to contract, the gravitational force must exceed the opposing 
pressure gradient and magnetic force at the initial radius Ro. Under contraction the 
pressure becomes less and less important, but the gravitational and magnetic forces 
increase proportionately. A lower limit to the mass able to hold itself together is 


given by ignoring the pressure, and equating the magnetic and gravitational forces 


HL3 % é 
VW | (2) 
(3G) } p 
where H and p are simultaneous values. Putting // 10-6 when p x 10°23 (a 


conservative estimate for the field), we find for (2) approximately 108¢ 

One way of getting over this difficulty is to postulate much more rapid contraction 
along the field than across it, so that high densities are built up without a simul 
taneous large increase in field strength. This could conceivably occur with the help of an 
external non-spherical pressure field, but it is difficult to see why such a condensation 
should occur spontaneously. Once the cloud has taken the shape of a rough spheroid, 
oblate to the direction of the field. the gravitational force along the field will be the 
same as the magnetically diluted force across it, and uniform contraction will ensue 
excess contraction along the field would increase the density. and therefore also the 
net lateral force. 

We are therefore forced to look for a means by which the strong coupling of the 
tield and the matter may be relaxed. The theorem of the freezing of the field into a 


moving conducting gas results from combining the induction equation 


with the equation 


E+ (). o «a (4) 


where E is the electric field measured in a fixed frame of reference and v is the 
velocity of the gas. In a fully ionized gas the small terms dropped from (4) are the 
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Ohmic field, the Hall field, and the pressure gradient term; it is easily shown that 
they are negligible on a cosmical scale. Equations (3) and (4) yield 


0H 


ot 


Vv(u H): Rees 
known that (5) implies the conservation of flux in a circuit moving with the 


1) is essentially the equation of motion of the electron gas relative to 

in Hi cloud the plasma of ionized metals is only a small fraction of the 

is: the problem must therefore be considered anew, with the velocity of the 
i carefully distinguished from that of the gas asa whole. Ina strongly magnetic, 


onized cloud, the equation to the plasma is approximately 
(6) 


iff 
gen. The magnetic force causes just that drift of plasma relative 


is the ionic density und F;, the mean force on an ion due to collisions with 


s for friction and magnetic force to balance 


the motion of the ions is approximately 


vH nj Fin 
the electronic charge, and vu; the velocity of 
vH j,H 


lly symmetric the poloidal component ol ] H NplC leads merely 
light departure from the law of isorotation., while a toroidal component 
ily with the rotation field in the cloud in such a way as to cancel itself 


there 1s a non vanishing toroidal component, so that the 


se. evel i] l 


Is not strictly identical with that of the plasma, the 


f order —j/n I’. the velocity of drift of the electrons relative to 


~ cH 47 Rf, it is easy to verify that in a gas cloud 7 R/V is far 


- drift of field relative to plasma to be significant, even if the plasma 
. far below that found in normal Ht clouds. Hence we conclude that (5) 
provided we write vu; instead of vu: the magnetic field moves with the plasma, 

le the drift of plasma plus field through the neutral gas is given by (6 
In a gravitationally contracting H 1 cloud, the magnetic force will try and prevent 
the plasma from following the motion of the neutral gas, whereas the mutual friction 
tends to force the two gases to move together. Hence. if the frictional coupling is 
strong. the relative drift of plasma and neutral gas allowed by (6) is small compared 
he freely falling cloud velocity, the two gases effectively move together, and 
the field is frozen into the cloud. On the other hand, if the coupling is weak, the neutral 
cas can flow across the field without dragging the plasma with it: hence the neutral 


vill increase in density without a simultaneous large increase in the magnetic 


strength. 
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If the number density of ions and electrons is approximately one ten-thousandth 


that of the neutral hydrogen, as in a normal H 1 cloud, it is found that the relative 
drift of plasma and neutral gas is only about one per cent of the free-fall velocity 
We therefore need rather special conditions for uncoupling of the matter and the 
field. One possibility arises if the cloud is shielded from galactic radiation by a high 
density of absorbing dust grains; the plasma density then decays steadily through 
recombinations, or, more efficiently, through attachment to the dust grains. It is 
found that the time of decay of the plasma is less than the time of free-fall, and so 
we may expect frictional uncoupling to occur. 

If, however, the plasma density remains too high, then a freely falling cloud will 
drag the field with it, and break-up into stars will be forbidden. Two other possible 
ways of losing excess magnetic energy suggest themselves: 

(1) The angular momentum in the disk leads to the build-up of a centrifugal field 
which slows up the contraction, giving the plasma and field more time in which to 
slip out. The objection to this is that the field will probably be too efficient in re 
moving angular momentum (ef. Section 3), so that if centrifugal force is initially 
negligible it will remain so. 

(2) The cloud falls freely under gravity until the opacity becomes too high for the 
compressional heat generated to be radiated away. The contraction is then deter 
mined by the rate of flow of energy down the equilibrium temperature gradient. 
Again, this may yield a sufficiently long time-scale for the field to force the plasma 
out of the cloud, thus decreasing the field energy enough for star formation to occur 

A fuller account of this work is presented in MESTEL and SprIrzerR (1956). 


3. MAGNETIC FIELDS AND GRAVITATIONAL ACCRETION 


Let us now suppose that the problem of star formation from magnetic matter has 
been solved, in that excess magnetic energy has been lost, and masses of stellar 
order can hold themselves together. We imagine that a proto-star has formed, and 
is slowly contracting in the KELVIN-HELMHOLTz time-scale. We have seen that un 
coupling between the magnetic and matter fields demands rather special conditions; 
we may therefore suppose that the plasma density is high enough for the star to 
conserve its flux under contraction. Even if the proto-star is still shielded from 
galactic radiation, collisional ionization becomes important once temperatures 
are above 103° K or so, vielding a high plasma density and strong frictional coupling. 

To simplify things, we assume a uniform field Ho far from the star, and a uniform 
field H within the star parallel to Ho; at the time of onset of freezing-in, H Ho, 
the stellar lines of force being just segments of the cloud field lines, which are them 
selves part of the local galactic field. As the star contracts from the radius Ro, /T 
increases according to (1). 

The gravitational field of the star causes inward flow of matter. In the absence of 
a magnetic field, the flow would be as described by Bonp1 for a star at rest—spheri 
cally symmetric accretion (BoNnpb1, 1952). But as the field outside is distorted by the 
inflowing matter, it exerts a force on the plasma, and so indirectly on the neutral 
gas as well. A steady state is approached, in which the magnetic force just balances 
the component across the field of the non-magnetic forces acting on the plasma: a 
familiar situation in hydromagnetics. We assume that the steady-state field is purely 
poloidal. It can be shown that with the given boundary conditions at infinity and 
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at the stellar surface, a twisted field is probably unstable and would rapidly revert 


to a purely poloidal form; while apart from questions of stability, the transition 


from an initially poloidal field to a steady-state twisted field is forbidden by 


CowLiNG’s dynamo theorem. Then the equation to the field is 
. (9) 


F is the density of the non-magnetic force acting on the plasma. The field is 

given by the solution of (9) which reduces to Ho at infinity, and with a radial 
nent continuous at the star’s surface with //,. 

‘he accurate solution of (9) is difficult because of the non linearity. However. the 


upproximate shape is as in Fig. 1. Far from the equator the field is approximately 


irrotational; the field is so strong that the currents flowing across it need only be 
very small for the magnetic force to balance the transverse component of F. But the 
approximate solution V,H — 0 cannot hold everywhere, as this would involve a 
neutral point at which the condition (9) could not hold. In fact near the equator the 
field is small but has a large curl, so that (V,H),H/4z is of the same order as F 
An important point is that the stellar field lines remain part of the galactic field 
there is no early breaking of some of the field-lines to form lines of finite length, as in the 
dipole field V,H 0, for this would necessarily involve a neutral point. Only when 
the curl of the equatorial field has become large enough to vield a significant drift 
ot plasma across the field so that the OTA itational force is balanced by the plasma 
mass-acceleration—will a neutral point form. Even so, this change in the field’s 
structure Is unlikely to affect the rate of accretion 

If the cloud were completely ionized, the principal force F would be the gravita 

nal pull of the star. Equation (9) then fixes the field, and the dynamics of the 

isma flow along the field can then be studied. In a lightly ionized gas, however, 
the neutral matter is not tied to the field, but its drift across the field is resisted by 
the frictional drag of the plasma, which is tied to the field. If this friction is every 


where small compared with the gravitational force on the neutral gas. then the 
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neutral gas flows in approximately as in Bonp1’s theory, unimpeded by the field 
The dominant force F on the plasma, determining the field by (9), will be the friction 
except for very low density clouds, when the friction will be less even than the 
gravitational force on the plasma. However, for clouds of moderately high density 
(greater than ~ 5x 108 hydrogen atoms/cm? at infinity), the frictional drag on 
neutral matter flowing across the field with Bonp1 velocities is everywhere larger 
than gravity: hence for such densities the flow of the neutral matter across the field 
is much below Bonpt's value, while the component along the field remains com 
parable with Bonpis value. Hence it is a good approximation to consider both 
gases as being forced to flow down the field lines; this will be assumed from now on. 
The principal force F acting on the plasma will again be the friction; but as the 
neutral matter flows across the field at just that rate which makes the friction 
balance the gravitational force on the neutral gas, the field will be given by (9), with 
F equal to the gravitational force on the whole gas. Thus for an H 1 cloud of high 
enough density, both the field and the flow of gas are given by equations identical 
with those for a fully ionized gas. 

If a line of force intersects the star’s surface, both gases flow straight into the star 
Of those lines which cross the equator outside the star, consider first those which 
cross the equator beyond Bonpr's critical radius r, = GM/c,,? (c,, being the velocity 
of sound at infinity, which in the present case of isothermal flow is constant). A slight 
drift of gas along such a line towards the equator will establish hydrostatic equili 
brium, and so no continuous flow of gas down the field will ensue; there will be just 
a slight drift of neutral matter across the field. On the other hand, for lines cutting 
the equator at r < re, the scale height for equilibrium is small compared with ,, 
Only impossibly large densities at the equator would support the gas in equilibrium 
along the field line, and so we expect a continuous flow of both gases down the field 
towards the equator. A dense equatorial zone is built up, in which the plasma is 
neutralized by recombinations of ions and electrons. The neutral hydrogen and the 
neutralized plasma then flow in towards the star. Hence all the matter flowing down 
the field lines, whether directly into the star or onto the equator, ultimately reaches 
the star. The equation to the field within the zone is again (9), but with a much 
larger force density F. 

We now discuss the flow down the field lines cutting the equator within r,. As the 


flow is everywhere parallel to the field we write 
Vv KH 
where « is a scalar function of position. In a steady state, 
0 V .(pv) V (px) H . V (pk). 
so that 
pk = constant along a line of force = p,«,,. ‘ aca eae 


Hence in a steady state there is a non-vanishing velocity field v,, —«,Ho far from 
the star; even if the gas is initially at rest at infinity, the flow will asymptotically 


approach a state with v,, finite. This is because the magnetic field prevents flow of 


gas from one flux-tube to another; hence if the field does not vanish at infinity, each 
flux-tube remains of finite width, with continuity demanding a finite velocity every 


where. 
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The equation to the steady flow along a field line is just BERNOULLI’s equation 


with the oravitational field as a body force: 


{is} 


In a steady state the magnetic field does no work, as the flow is parallel to the field. 


Introducing non-dimensional variables x, z. y, h, defined by 


H 


»Trom 


Equations (15) and (17), applying to each line of force, replace BoNDI’s equations 


r-y2 A. 6 eh 


for spherically symmetric flow. 
The discussion of (17) follows closely BONDI sS discussion ot (20). The minimum 
value of d(y) is 0-5, and it is attained for y 1; hence the parameter y must be 


chosen so that for all x along the line of force considered 


Now u(x) > Oasa - ©: also. for all physically relevant fields, us(2) 
Suppose first that % > 0 for all finite 2. Then (21) is satisfied for y 
d(y) > 0-5. By inspection of the graph of ¢(y) against y, we have 
if y,, > 1, then y > 1 for all finite x: 
if y,, < 1, then y < 1 for all finite x: 
either y > 1 for all finite x; 


and if y, fi. ou 
or y < 1 for all finite x. 
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If % is non-negative for all 2, but has a zero for x rv’, then the solution with 
y | will by (17) attain the sonic velocity again at 2’; hence a solution supersonic 
beyond the zero may change over to a subsonic solution at 2’, and vice versa 

Now suppose y% becomes negative for some range of x along the line of force con 
sidered, and let x, be the point at which it attains its minimum. Then the inequality 
(21) will hold everywhere along the line provided it holds at x». Thus, if y+<¢(a») 

0-5, then y(a,) 1, and the flow on either side of x, could be supersonic o1 


subsonic. The velocity at infinity is then given by 
b(y.,) 
approximately, 


Ye (1 2a ( Um)) if the flow is supersonic at infinity : 


Y, exp(s() — 0-5) if the flow is subsonic at infinity 


All values of y,, vielding d(y,,) larger than (22) are allowed, as then y+-s(a 


) 


but values of y,, between (23) and (24) will not yield steady state solutions. If y,, is 
less then (24), then the flow is subsonic everywhere; if greater than (23) it is super 
sonic everywhere. For either of the two values (23) and (24) the flow is just sonic at 
Xm. and SO flow supersonic for Cv > Xm may hecome subsonie for a Uy or by a 
discontinuity in the velocity gradient at 2,, may remain supersonic for a 
Similarly, flow subsonic for 2 > xv,» may become supersonic or remain subsonie for 
if < An 

However, not all steady state solutions are physically plausible. As ¢s(a) gets large 
for small x, by (17) the velocity in the solutions subsonic near the star, becomes very 
small, and leads by (15) to very large densities. This is again due to the smallness of 
the scale-height within the Bonp1 sphere for low velocity solutions, the equation of 
motion approximates to the equation of hydrostatic support. If such a steady state 
with a large outward pressure gradient, existed initially, then it might be stable and 
persist, the pressure gradient absorbing the gravitational potential energy released 
as matter slowly drifts in along the field line. But if initially the pressure gradient is 
small compared with the gravitational force density, then matter within the Bondi 
sphere will fall freely along the field line towards the star, and only solutions super 
sonic near the star will be relevant. 

Assuming, then, that the flow near the star is supersonic, the problem arises as to 
which of the allowed steady state solutions will arise in practice. Let us suppose that 
initially the cloud is at rest at infinity. Within the Bonpt sphere the gravitational 
field causes inward flow, and the region of flow is gradually extended outwards by 
continuity. Once the system has reached that velocity field, supersonic near the star, 


consistent with the equations of motion and continuity, and with the least energy 


per gram of matter, there is no reason why the velocities should increase above this 


level. Hence we expect the system to approach the flow with the minimum allowed 


velocities: if y(a) > 0 everywhere, we take y, |, while if (x7) has a negative 


minimum at x2,, we take y(am) 1, and adopt the solution that is subsonic for 
Ma > bm. 

However, it should be emphasized that the equations of motion and continuity 
do not forbid all higher velocities at infinity, with correspondingly greater flow of 


matter down the field lines. If y(xv) > 0, all supersonic velocities are allowed; while 
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if d(a) < 0 for some range of x, all values of y,, greater than (23) are allowed. Solu 
tions of this type. with y, greater than the minimum allowed, will be relevant if the 
cloud is not initially at rest at infinity, but has matter being driven in rapidly enough 
by an external pressure field (e.g. by an external H 1 region). This is in striking 
contrast to Bonp1’s spherically symmetric flow, and is again due to the confining 
effect of the magnetic field. If Bonpt’s cloud had a non-vanishing inward velocity 
at infinity. the radial flow would rapidly build up a high pressure gradient and dam 
back the flow, which would asymptotically approach the steady pattern with zero 
velocity at infinity. In the present problem, the magnetic field prevents the build-up 
of such a density oradient. by restricting the flow to be along the field. The flow 
long each infinitesimal flux-tube is analogous to flow through a pipe of variable but 
cross-section: not only are there low velocity solutions, in which the pressure 
controls the flow until it becomes sonic, but there are also high velocity solutions in 
which the pressure gradient is negligible everywhere. These results are analogues of 
well-known results in laboratory gas dynamics. 
In Bonpbt's spherically symmetric problem there is a definite upper limit to the 


total rate of accretion by the star 
. (26) 


] 


higher rate of inflow would lead to a large pressure gradient beyond the 
sphere _ which would dam back the flow. In the present case, the rate of inflow 
cross a sphere surrounding the star, with outward unit normal n, and of radius less 


it 


. 


2 | «x pH.n ds 


where S’ is the northern hemisphere. We have seen that there exist steady state 


solutions with v_. supersonic: these \ ield a rate of flow across S oreater than 


2 Hn dS = 2nl.2cp 


0 


S 


where LL. is the radius at infinity of the flux-tube containing ss. The total accretion 
rate is given when S is just the Bonp1 sphere; hence if L, for this sphere exceeds 
the accretion rate exceeds BONDI's maximum (25). Even if 1, were less than 

\ ZS x. high enough velocities at Infinity would still lead to enhanced accretion 
However. supersonic velocities at Infinity will oceur only if there is an external 
pressure field driving the matter in. We have seen that a cloud initially at rest at 
infinity will spontaneously approach a state with at most the sonic velocity at 
infinity If the freezing-in of the field into the proto-star starts at a radius Ro > \ Zr ec. 
then L - Ro > \/ 2K e, and so the “cross-section” for capture of material will be 
greater than the area of BoNbIs sphere: but this will not lead to an enhanced 
iccretion rate unless the velocities at Infinity remain of sonic order. This depends on 
iviour of the function u(x) along the line of force considered. If u% remains 


then y 1; but if the field strength increases too rapidly inwards along 
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the line of force (implying a sharp decrease in the area of the flux-tube along which 
the gas flows), xs becomes negative, and y,, is by (24) strongly subsonic. 

We conclude that a magnetic field can assist accretion of matter by a proto-star; 
but we cannot decide whether the system will spontaneously accrete more than 
BoNDI's maximum without a detailed study of the structure of the magnetic field 
in the cloud. However, approximate estimates suggest that the narrow flux-tubes 
near the equator, that “pinch” the equatorial plasma, will by (24) strongly cut down 
the velocity at infinity, so that the spontaneous accretion-rate is likely to be well 


below Bonpt’s maximum. 


4. MAGNETIC FIELDS AND STELLAR ROTATION 


[f rotation could be neglected, the theory of Section 2 could be applied at all stages 


of the star's contraction to the main sequence, provided the correct magnetic field, 
fitting on to the changing field within the proto-star, is used at each epoch. However, 
all clouds have some angular momentum, and so we may expect the rotation rate 
of a condensation to increase as its density goes up. Lines of force emanating from 
the star will tend to give the cloud the same rotation as the star (the FERRARO-ALFVEN 
effect). If the angular velocity of the star at any time is Q, then within the ‘Kepler 
sphere’, of radius 7, given by 


O2r,3 = GM, ooo 


centrifugal force is small compared with gravity, and matter will continue to flow 
into the star; a toroidal magnetic force is generated which effectively cancels out 
the increase in angular velocity of the infalling matter. But the flow into the star will 
not be continuous, as in the problem without rotation, for hydromagnetic waves 
travelling out beyond r, will steadily build up a roughly Keplerian rotation field, in 
which centrifugal force and gravity approximately balance. The differential rotation 
twists the magnetic field, and the toroidal force generated continues to transfer 
angular momentum to the cloud; once an element has acquired the Keplerian rota- 
tion corresponding to its distance from the rotation axis, further gain of angular 
momentum causes it to move away from the axis, dragging the field with it. The 
component of gravity parallel to the axis of rotation is not opposed by centrifugal 
force, and so flow towards the equator continues until the further distorted field 
exerts a strong enough force parallel to the axis to balance gravity. The twist in the 
field lines is transmitted to the stellar field, which reduces the angular momentum 
of the star, so tending to off-set the increase in angular velocity due to contraction. 

Clearly, a complete discussion of the flow of matter around the star, its effect on 
the field, and the outward flow of angular momentum, is a formidable task. However. 
rough estimates suggest that a strong cloud magnetic field is able to keep the angular 
velocity of a proto-star low enough for isotropic contraction to proceed, provided 
(1) the stellar field lines remain part of the cloud field, and do not break off and form 
a local field; and (2) the decrease of angular velocity at the surface of the star is 
transmitted rapidly enough through the whole star. The first condition cannot be 
verified without solving the complicated hydromagnetic problem of the matter 
around the star. We shall bypass the question, and concentrate on the other con 
dition, which requires that the time of travel of a hydromagnetic wave through the 


ition and the galactic magnetic fe ld 


star be comparable with the time of contraction: otherwise the rotation field well 
within the star will be unaffected by the loss of angular momentum at the surface. 
Suppose first the star is freely falling under gravity. If p is the instantaneous 


density, condition (2) above is 


. (30) 


the magnetic energy must be comparable with the gravitational energy. But 

ist the limiting condition for a magnetic star to be gravitationally bound: 

the ratio of the energy ot a frozen-in field to the gravitational energy is 

under contraction (MEsSTEL and SpirzerR, 1956). Hence we may expect a 

with the maximum allowed magnetic energy to remain uniformly rotating 
free-fall. and so probably to lose enough angular momentum to the cloud for 

ion to proceed unimpeded by centrifugal force. If the star has reached the 

K ELVIN-HELMHOLTZ stage of slower. radiatively controlled contraction, eondition (29) 
‘laxed somewhat; but even so, a small enough stellar field will be unable to pre 
uild-up within the bulk of the star a large centrifugal field, even if the 

field is able to transport angular momentum efficiently. Contraction per 

lar to the rotation axis is halted, and a disk is formed, with pressure balane 

ity parallel to the axis, and centrifugal force balancing gravity in the plane 

he precise value of the magnetic energy of the proto-star depends on how far 
the break-up of the cloud into smaller. sravitationally bound masses has proceeded, 
ie loss of excess magnetic energy from the cloud. e O by the process dis 

Section | We now consider those cases in which magnetic braking is 

prevent disk formation. and inquire how the magnetic field in the disk 

iffects its subsequent evolution. Centrifugal force is now a not mere perturbation, 


roughly spherical mass. but is equal and Opposite to the component of gravity 


plane of the disk changes in the rotation field must therefore cause simul 


aneous changes in the distribution of matter, so that the magnetic field may play 
an essential role through its interaction with the rotation field 

We adopt the following simple model. Most of the mass is supposed concentrated 
in a flat cylinder of mass W/o. radius @o, thickness 229, and uniform density po. The 


condition of equilibrium in the direction of the axis vields 


is the constant velocity of sound (isothermal conditions being assumed), 


The equ ition of balance in the plane of the disk is 


where @ is the distance from the axis, and V the gravitational potential, which can 
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be calculated directly from the assumed distribution of matter; the cylinder is found 


to rotate approximately uniformly with angular velocity Qo given by 
Qo? 2a Gpozo Wi) (Mo wo. 


The assumption of uniform density is reasonable, as strong non-uniformities would 
by (32) demand a strongly non-uniform rotation field, which the magnetic field 
would eliminate, simultaneously smoothing out the distribution of matter. Surround 
ing this cylinder is an envelope of low mass, with a Keplerian angular velocity field Q 
(27 a (0° ap? GM. . (34) 

The magnetic field adopted is the simplest possible one that is symmetrical about 


the rotation axis, and independent of height 


where (@, z, ¢) are cylindrical polar co-ordinates referred to the axis and the mid 
plane of the disk; A is a constant, and 7, a function of @ only. Such a field satisfies 
V.H — 0, except on the axis, where there is a uniform line distribution of magnetic 
poles. A more accurate theory would remove this blemish by allowing H to have a 


z-component, and to vary with z; however, the effects looked for are most easily 
illustrated by the simple field (35). 

We first discuss the interaction of the magnetic and matter fields in the Keplerian 
envelope. If v= is the radial velocity of the matter, the hydromagnetic equation 
vields 


. (36) 


The last term involves v., which arises only through the interaction of the non 
uniform rotation field with the magnetic field. As a first approximation, we neglect 


this term, and write 
3. A(GM)! 
t 2 ete Ge 


The ¢d-component of the equation of motion i 


0 (V.A),H Ada 
pvzw ((2@*) | 2 (oH, }, 
0@ dcr tr dw 


where p is the envelope density. The equation of continuity is 


1 a 
(wpv Pe 


a3) OW 


Integrating (38) and (39) between @) and ds, we find 
A Ba ak . 
OH , 2rpwv,Qw- } Qa2(27pa)da. sow e (oO 
aL * fa a, Ot 


The first term on the right gives the net rate at which angular momentum is trans- 
ported by moving matter out of the volume of unit height defined by the radii o; 
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the second term gives the rate of increase of angular momentum in the 

lume (through the increase in density); hence the left-hand side is just the net 
transport of angular momentum into the volume by the magnetic stresses. If p — 0, 
n the magnetic force must vanish, @//, is constant, and — A(@H,)/2 is just the 
rate of outward transport of angular momentum along the field lines, per unit height. 
Phis is a particular case of the general formula given by List and ScHLUTER (1955). 


From (34) and (38). we have 


ree 4 


where p; is the initial density of the Keplerian zone. Thus according to this model 
the Keplerian zone moves steadily outwards, and a vacuum develops between it and 
the uniformly rotating core. 


The density at a particular point @ does not sensibly alter until a time 


. (43) 


he vacuum region at time ¢ is defined by the position @, of the 


Wi Q: provided, then. it reaches a point @ before the epoch 


satisfies the equation clven by }] 


yf? 4 Go), ere (i 

Hence the time at which the edge of the vacuum has a particular value @, is approxi 
mately 

. (46) 


At this time p by (42) ~ 3p,:; the neglected term in (36) —0(v-H,)/@@ — 2A@Q/da; 


ratio of the poloidal magnetic force to centritugal foree ~ 1/4. Kor the 


present illustrative example, the approximations therefore remain tolerably good: 
by the time they begin to break down. at a particulan distance @. the vacuum has 
reached u and the theory ho longel applies The neglect ot the inertia terms 1n (34) 
mav similarly be justified 

Within the vacuum region. between the uniformly rotating core and the instant 
he edge of the dispersing envelope. the magnetic field must 


aneous POSITION ¢ 1} 


exert a Vaniisi Ing SO th il oll IS independent ot a and equ LIS Bit Say where 


GMo 
Mao j l eee +7 ) 
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The equation giving the rate of contraction of the uniformly rotating dense disk 


ar y 
py 20 Qo@7? ad a ; (oll \zo2rada. 
dt. TW)- Ow 
0 


which reduces to 
LG Mo? ao * a $(A 29) (34) (GMo) (zrp;)-t*, 


with the help of (31), (33), and (47). 
Although for simplicity we have assumed A independent of time in discussing the 
envelope, in fact the freezing of the field into the disk requires 


Az constant AZ); Pa . (00) 


the suffix 7 again referring to initial values. As A appears as a fourth root in [aH 
we shall treat it there as constant, while using (50) in (49). Integrating (49). we find 


as a characteristic time for the total loss of angular momentum by the dense disk 


5G? Mp 


(Wg); -* 1) 
(3.4 )'*(arp;)*(A 20); 
Ata point @ Within the disk. the toroidal component of the field H,, is found to be 


2 


WwW 


Fe ae ee 


Wi) 


As developed so far, the theory gives no reason why the contracting mass should 
go over from the disk-like shape to the spheroid characteristic of a star with a 
moderate rotation rate. However, we have assumed that the disk remains isothermal 

the compressional energy generated during the slow contraction is rapidly radiated 
away. As the density increases, the disk becomes more and more opaque, and it is 
probable that ultimately, even in the comparatively slow contraction determined 
by magnetic removal of angular momentum, the rate of generation of heat is too 
rapid, and a high thermal pressure is built up. At this stage, thermal pressure takes 
over from centrifugal force as the principal force balancing gravity. Magnetic re- 
moval of angular momentum continues, but the rate of contraction is now given by 
the rate of loss of energy down the equilibrium temperature gradient: the disk has 
become a proto-star. 

Clearly any mechanism that tries to produce uniformity of angular velocity in the 
disk will lead to similar results; and in fact hydrodynamic turbulence has been 
invoked by VON WEIZSACKER (1944) as the means by which the envelope of a disk may 
be dispersed, carrying off with it excess angular momentum. Following criticisms 
by TER HAAR (1950), who pointed out that a wholly turbulent envelope would decay 
too rapidly to be effective, LUst and SCHLUTER (1955) have discussed the case of a 
magnetic star with a co-rotating KEPLER sphere, surrounded by a turbulent envelop 
ing disk with a Keplerian rotation field. Again the turbulent envelope disperses 
carrying off with it angular momentum, which is transferred from the star to the 
envelope by the field lines in the KEPLER sphere. In our discussion there is no KEPLER 
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sphere, as all the disk is in centrifugal rather than pressure equilibrium, except at 
the end of the process. A more important difference is that no appeal is made to 
turbulence. As the rotation field in the disk is such that the angular momentum per 
unit mass is an increasing function of @, RAYLEIGH’s criterion yields stability 
against radial perturbations. For this reason it seems better to invoke only the 
magnetic field as the agent by which both angular momentum and matter are 
redistributed 

The present discussion is not intended as more than an illustration of the sort of 
effect a magnetic field is likely to have. The important point is that if, within the 
time-seale of free-fall or KELVIN-HELMHOLTz contraction. magnetic braking of a 
proto-star is too slow, then the system adjusts itself so that the time of contraction 
is determined by the time of magnetic braking. However, there are a number of 
serious approximations made above, which a more adequate theory should remove. 
First. the magnetic field considered is over-simplified; a genuine field, lving in the 
disk, but without fictitious sources, would change the sign of both poloidal and 
toroidal components between the upper and lower faces of the disk. More important, 
the picture of a vacuum region between a contracting central mass and a dispersing 
envelope is clearly untenable, as there must be continuity ot pressure between the 
mass and envelope What must happen is that the masses of the central mass and 
the envelope are not constant. As the envelope disperses, the density at the edge of 
the central mass decreases: the originally uniform angular velocity field there 
changes to the Keplerian field corresponding to a slightly lower central mass, so that 
some of the matter of the original central mass disperses with the original envelope. 
This process will continue until the remaining central mass has become a star. This 
correction is important, not only because of the lower mass of the ultimate star. but 
hecause a higher rate of braking will result: as it is. rough numerical estimates 
suggest that formula (51) gives too long a time-scale. Further mass loss will probably 
result through rotational instability during the final stage when the central mass 
has both a high thermal pressure and a strong centrifugal field. Finally. we have 


ignored the possibility of sub-condensations being formed in the disk by gravitational 


instability: the presence of a magnetic field is likely to assist this process, again 


through removing angular momentum from the condensations. 
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vevs the present observational statu of cosmolog Despite several recent ttempts. it 
is still not possible to decide whether the Universe is in a steady state or whether it has evolved fi 
much denser configuration. It is pointed out that radi strono1 ill play an important 
mology, since radio sources can be detected at distance bye mad the reach of the 2O0-inc! 


INTRODI CTION 


My AIM in this article is to survey the present observational status of cosn.ology 
The reason for writing such a survey at the present time is that in the last few years 
several attempts have been made to obtain important new information about the 
large-scale structure of the Universe. It must be admitted that none of these at 
tempts has yet been successful, but so many phenomena are now relevant to the 
cosmological problem that a systematic survey of the whole field may be of value 
As we want to emphasize observational questions, no detailed theoretical dis 
cussions will be given. However, one feature of the theory should be mentioned here 
since it provides the framework of the article. This is the distinction between the 
kinematical properties of the universe, which are based on very general assumptions 
about matter and radiation, and the physical properties, which involve EINSTEIN’s 
0 field equations and much of the apparatus of modern physics. The kinematical part 
of the theory is so general that it enjoys the privilege of being the least controversial 
part of cosmology. At the same time, it provides a useful classification of model 
universes in terms of which many of the observations can be interpreted. The first 
part of this article is therefore concerned solely with the kinematical aspects of the 
problem. The dynamical and physical aspects are discussed in PART’ 1/7. 
The reader who wishes to study theoretical cosmology is referred to the following 
detailed accounts, which also contain fairly complete references to earlier literature 
HECKMANN (1942), Bonpbt (1952. of which a new edition is promised soon), McCREA 
(1953), MeVirtre (1956), SCHRODINGER (1956), and Solvey Conference (1958). For 
less technical recent accounts of cosmology see Scientific American (September 1956) 
Muniz (1957) (a source book ranging from “Babylonian Myth to Modern Science” 
McCrEA (1958), and Winrrow (1959). A general discussion of the problems arising 
from the uniqueness of the universe will be given in a forthcoming book by the 
author (The Unity of the Universe, Faber and Faber, London, 1959). 


PART 1 
KINEMATICAL PROPERTIES OF THE UNIVERSE 
A priori the large-scale structure of the universe could be extremely complicated. 
However, as in other branches of physics, the greatest progress is made by starting 
from the simplest assumptions that are not inconsistent with any well-established 


{ckhnowledgements I should like to express M\ ratitude to the following people, who showed me 


their work before publication, and who gave me permission to quote from it: L. H. ALLER, E. M. and 
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fact. We therefore begin by assuming that on a certain scale of size the universe has 
a simple structure. The scale of size that must be adopted for this to be even approxi 
mately true is initially unknown and must be derived from observation, but we 
might hope eventually to discover theoretically what determines it. We shall discuss 
this problem in Part II(iv); in order to make a start we shall suppose here that the 
basic unit of the simple structure is a cluster of galaxies, which we shall call a particle. 

The simplicity assumptions that are usually made can be reduced to the following 
\WALKER, 1944 


iD ich parti li always SEES An isotropic distribution oO} particle S around it. 


We shall call this the cosmological principle or CP. One can deduce from the CP 
that all the particles will describe the system in the same way. In such a universe 
one can distinguish neither position nor direction, that is, one cannot tell where one 
is or in which direction one is looking. However, one can tell the time, for the density 
of particles will in general be changing. so that this density will serve as a clock. 
Of course we do not expect the CP to be exactly satisfied even by our complex 
particles. Some statistical averaging process is needed, but once again the seale of 
this averaging is not determined a priori. Both observationally and theoretically 
we are here faced with a difficult question, which we return to in Part II(iv), but 
n order to make a start let us assume that the CP is exactly satisfied. Then it 
» shown (Bonpbt, 1952: McCREA, 1953: ROBERTSON, 1956) that the metric of the 


universe can be written in the Robertson-Walker form 


k2 t\ (J p2 J y2/ 2.4 ac é D* 
ds2 = dt2 a) 


phr?)? 


where R(t the expansion factor) is an arbitrary function of time and & (the spatial 


curvature in units of R~*) has the possible values 


| elliptic spatial universe 
Kuclidean spatial universe 


| hyperbolic spatial universe 


With this form of the metric the co-ordinates of a particle (7, 6, 7), are independent 
oft tf (co-moving co ordinates). and the paths of licht rays are given as usual by 
ds2 0. Furthermore, for a given particle d) dé dq 0. so that dt ds, 
which means that tf measures the proper time for each particle. 

Before discussing the observational significance of the Robertson-Walker metrics. 
it is convenient to mention here the effect of making one further simplifving assump 
tion. This consists of adding to the CP the following statement 


Each particle always sees the same distribution of particle s around it. 


This is known as the perfect cosmological principle or PCP (Bonpbi and Goup., 
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1948). In this more restricted type of universe one can no longer tell the time. The 
number of possible metrics is now drastically reduced. The only possibilities are. 


(1) & — const.’ is arbitrary. (Einstein Universe) and 
(11) R e/T0, k 0. tg 18 a constant. (de Sitter Universe). Pere) 


We now consider the attempts that have been made to test the Robertson 
Walker formula (1). No very precise observational study has yet been made of the 
assumptions underlying (1), since statistically adequate data do not exist. (However, 
several extensive galaxy counts are currently being made |ABELL, 1957, 1958; 
SHANE, 1955; Zwicky, 1957| which may be important for this problem). Because of 
this, the usual approach has been to accept the Robertson-Walker models, and to 
try and determine the parameters k and R(t). Of course, one must first derive from 
(1) theoretical relationships between directly observable quantities. This has been 
done by ROBERTSON (1955, 1956), whose work we follow. 

The first theoretical relationship we shall discuss is that between the apparent 
bolometric magnitude of an average galaxy and its red-shift z (— 6A/A), deduced from 


the properties of light-propagation in the metrics (1). The result is 
Mao] Mo — 45-06 +. 5 log 7z+4+ 1-086(1 4 q — 2n)2+ O( 2") 


where 7 R/R evaluated at the time of observation 
RR/R2 evaluated at the time of observation 
relates to possible intergalactic absorption and also to a possible evolu 
tion of the absolute magnitude of an average galaxy. 


is the absolute magnitude of an average galaxy. 


The first term in z gives the well-known linear Hubble law. For small z, the concept 


“distance” is unambiguous, and we can write 


v distance 
c CT 


( 
4 


where v is the velocity of recession. The observed value of 7 is about 6-10% years, 


but this value may well have to be revised upwards (BAADE, 1956; EGGEN, GAs- 


COIGNE and Burr, 1957; SANDAGE, 1958). Hence the present value of R/R is known 


approximately. Of course the non-zero value of R rules out the static Einstein 
universe # — const., so that if the PCP is correct, the universe must conform to the 
de Sitter metric (2). This is the metric of the steady-state universe (BONDI and GOLD, 
1948: HoyLe, 1948, 1949; Bonpr, 1952: McCrea, 1950, 1951, 1953) in which the 
density is maintained at a constant value by the continual creation of matter. 

If (3) is to be used to discriminate between the two versions of the cosmological 
principle, one must determine the value of the acceleration g from the second term 
in z. Its theoretical value for the PCP is 1 (since R = e*’7 in that case) whereas for 
the CP it can have any value. Now the linear Hubble law appears to be a good 
approximation to the observations for values of z lying between 0 and about 0-1. 
Thus, observations must be made in the region z > 0-1, where the apparent magni- 
tudes of galaxies are very faint. However, by pushing photographic techniques to 
their limit, HuMAsoN, MAayALu and SANDAGE (1956) attempted to test (3) out to 

~ 0-2, and so obtain a value for g. More recently Baum (1957) has used photo- 
electric methods to extend the observations out to z ~ 0-4. 
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Unfortunately, for these large values of z selection effects become appreciable 
(Scorr. 1957: Srock and ScHUECKING, 1957: SANE, 1957). The main effect arises 
from the unavoidable selection of galaxies at great distances whose absolute bright- 
ness tends to be greater than average. This leads to an underestimate of q. Miss Scorr 
attempted to compute this error, but the computation depends critically on the 
luminosity function for galaxies. and also on the distribution of cluster sizes. These 
ire not well-known at the moment, so that a reliable value for g cannot be obtained. 
In order to illustrate the extent of the uncertainty in q, let us first consider the 
results obtained when selection effects are neglected. After introducing various 
corrections e.g. for converting photographic magnitudes into bolometric magnitudes 
0 (in the absence of any evidence that p differs 


the A term). and putting pu 
appreciably from zero), HUMAsoN, MAYALL, and SANDAGE obtained the results 


5:4. 109 years 
2.5 4 | 


The value of + has the same uncertainty as the distance scale (cf. BAADE, 1956; 
EGGEN. GASCOIGNE and Burr, 1957: SANDAGE, 1958) since it involves the absolute 
magnitude V7», and a new attempt is being made to improve it. 

It is clear that the uncorrected value of g¢ differs substantially from the value | im- 
plied by the PCP. Baum’s uncorrected results show a similar discrepancy with the 
PCP. He obtains a larger value of g, but his estimated error is smaller in consequence 
of the greater accuracy of photoelectric techniques and the larger values of z in 


volved. His uncorrected value of q is 
q + (5 

Now. as we have already pointed out, the Scott correction will further increase q. 
The amount of this increase is uncertain, but by choosing plausible values for the 
luminosity function and the distribution of cluster sizes, one can correct BAuM’s 
result to g> +i (ef. Scorr. 1957. Fig. 8). It is clear then that the Scott correction 
will have to be more reliably estimated before the value of g can be used to distinguish 
between the two cosmological principles 

A promising alternative is offered by MorGan and MAYALL’s (1957) suggestion 
that there may be a correlation between the line-widths in the integrated spectrum 
of a galaxy and its absolute magnitude. Such a correlation would enable one to 
determine the distance of a galaxy without any selection effects. 

Unfortunately, even if the red-shift data were accurate enough to determine gq, 
they would not determine the sign of the curvature 4, since & only occurs in the 
term O(22), which cannot be reliably estimated from observations out to z ~ 0-4. 
However, there exists another theoretical relationship between observables which 
has been used to try and determine /. This involves number counts of galaxies of 
different apparent magnitudes m. If N(m) is the number of galaxies out to a given 
apparent magnitude m. then the theoretical relationship is (ROBERTSON, 1955) 


N dim , 2” 5R2 
This relation has to be modified 


where K’ involves the second time derivative of W/o. 
for the steady state model, to allow for the continual formation of new galaxies. 
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In his now classical work, HuBBLE (1936) attempted to determine k from this 
formula. However, the presence of the unknown gq in the coefficient of z2 makes this 
very difficult. Furthermore, the relation is sensitive to random fluctuations in the 
distribution of galaxies. ROBERTSON suggests that the only way it could be used is 
for determining » empirically from the first-order term in < 

recently a new attempt has been made to obtain cosmological information from 
number counts—but by using radio sources rather than optical galaxies (RYLE and 
SCHEUER, 1955. SHAKESHAFT ef.a/, 1955; MILLS and SLEB, 1957: EpGr, SCHEUER and 
SHAKESHAFT, 1958). Of course, one has no red-shift data for these sources and no 
distance determinations for the majority of them, so that it must first be established 
indirectly that these objects are extragalactic! Some of the optically identified 
sources are known to be extragalactic (MINKOWSKI, 1958), but these may form a 
small percentage of the 2,000 or so observed in the first large-scale survey (SHAKE 
SHAFT et al., 1955). However, these sources are distributed isotropically, so that if 
they are not extragalactic they must be close enough to the sun for the anisotropy 
of the Milky Way to be concealed. For the purposes of discussion it will be supposed 
that most of the sources are extragalactic (cf. RyLe 1958). but it should be borne 
in mind that this has not yet been definitely established. 

Since the radio astronomers work with the number of sources per unit solid angle 


N(/) whose apparent intensity exceeds /, we must express the theoretical relation 


ship in terms of these variables. For evolving models of the universe. that is. those 
which satisfy CP but not PCP, the result is 


3 3 Zz 2k 84 
(CP) loo N OF loo] | Loy JAI | a | f + Ul )A2/ ] Ol] 
Z a r= () i= Zz T= 


where Co is a constant involving the number density of sources and their absolute 
intensity Jo. A is a constant involving /o, » involves the first time derivative of Jo, 
and yz’ the first and second time derivatives of 0 

The first-order deviation from the static Euclidean result is given by the term 

“Kl 

This reduces the value of V from its Euclidean value. It arises from the Doppler 
shift which decreases the apparent intensity of each source. Hence for a given 
apparent intensity, one is seeing less far into space than in the static case, and so 
seeing a smaller number of objects. 

An effect in the opposite direction has also been suggested (e.2. RYLE. 1958). 
namely, that if a substantial number of sources are colliding galaxies (like Cygnus A) 
then the number of sources increases with distance, since collisions were more fre 
quent in the past when the galaxies were closer together. However, most collisions 
occur within a cluster of galaxies (BAADE and Spitzer, 1951). These do not share 
in the expansion, so that this effect would only operate at distances where clusters 
are nearly in contact with one another. 

The steady-state model contains fewer sources per unit volume in the past than 
do the evolving models. This leads to a still greater reduction from the static case. 
The result is 


3 
(PCP) log N = Co — 
») 
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The coefficient 35 in the second-order term is the result of rounding off a complicated 


fraction by about 1 per cent. In this case, of course, there will be no terms in p and yp’. 


Unfortunately, these equations cannot be used directly to interpret the observa 
tions. The reason is that they are derived on the assumption that all the sources 
have the same absolute intensity /o. However, radio sources are known to vary in 
absolute intensity over a far greater range than optical galaxies. Hence a given 
apparent intensity corresponds both to nearer fainter sources and further brighter 
ones (which will be more affected by relativistic corrections). Since the luminosity 
function is not at all known, it will be very difficult to distinguish its influence from 
that of 7, gq and k on the one hand, and /9 and Jo on the other. 

We now consider the observations that have so far been made. As we shall see, 
they are in conilict with one another, so that it is not worth attempting to interpret 
them in terms of the theoretical relationships. In the first large-scale survey (RYLE 
and SCHEUER. 1955; SHAKESHAFT ef al., 1955) nearly 2 000 sources were measured 
at a frequency of 81-5 Me/s, by means of a RyLE-HEwIsH (1955) double interfero 
meter. The plot of log NV against log / showed a substantial positive deviation from 
the static Euclidean relation log N C $ log J. that is. for small 7, N exceeded 
the static Euclidean value—indeed for small values of log 7, the slope was ~ —3. 

However. it was recognized that number counts of sources would not be reliable 
since the instrument used is confusion-limited, that is, its recorded output consists 
of the overlapping traces of a large number of sources. Under these conditions it is 
difficult to infer actual numbers of sources from the observations. For this reason, 
SCHEUER (1957) developed a statistical method of analyzing directly the deflexions 
of the receiver. For given assumed distributions of radio sources, he calculated the 
number P(D) of deflexions of size D. He concluded from this analysis that there was 
a deficit of bright sources or an excess of faint ones as compared with the static 
Euclidean case. However this result might be spurious, since the random errors in the 
measured intensities probably increase with decreasing intensity (BOLTON, 1956a, b), 
which will lead to an apparent excess of faint sources (ef. BOLTON, STANLEY and SLEE. 
1954) 

The second large scale survey has been made by the Australian group (Minus and 
SLEE, 1957; and MIs et al. unpublished), who used a different type of interfero 
meter a Mills cross (Mitts and Lirrie, 1953). This has a pencil beam reception 
pattern which reduces the effects of confusion. The complete Australian results will 
shortly be published, but a preliminary account has already been given (MILLS and 
SLEE, 1957). There is marked disagreement with the Cambridge results, since MILLS 
and SLEE obtain the relation 

log NV (‘9-1-8 log] 


The difference between 1-8 and the static Euclidean value 1-5 is not regarded as 
significant, and is attributed to instrumental effects. The complete survey confirms 
this preliminary result (MILLS, private communication). 

Further discrepancies arise when the sources given by the two surveys are com 
pared in the region of overlap. Indeed the two surveys are almost completely dis 
cordant. The situation is made still worse by the second Cambridge survey that has 
recently been completed (at 159 Me/s), (Ep>GE, SCHEUER and SHAKESHAFT, 1958), for 
the sources of this survey are discordant with those of both the previous ones! 
In addition, the direct analysis of deflections is more unreliable for this survey, 
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since the Cambridge receiver has a bias against large-diameter sources, which is more 
important at the higher frequency. (HAzARD and WatsH, 1958; Pawsgy 1958; 
RyLeE 1958). 

These inconsistencies will no doubt be removed by further investigations. Of par 
ticular interest is the new Cambridge radio telescope, which has greater resolution 
and sensitivity than any previous instrument, and which should give reliable results 
for the faint sources. If such results could be obtained, they might have cosmological 
value despite the complexities of the theoretical relations. For instance, certain 
theoretical possibilities might be ruled out if they could fit the observations only 
with unreasonable assumptions about /» or the luminosity function. 

It is possible that radio astronomy will make a more fruitful contribution to 
cosmology through observations of the 21 cm line of neutral hydrogen, since one 
then has a measurement of the all-important red-shift. Recently several galaxies 
and clusters of galaxies have been detected at 2lem. Those of direct interest to 
cosmology are Cygnus A (two colliding galaxies seen in absorption) (LILLEY and 
McCLain, 1956, 1958), and the clusters in Coma, Hercules and Corona Borealis 
(seen in emission); (HEESCHEN, 1956, 1957; HEESCHEN and DretreER, 1958.). The 
radio red-shifts are all in good agreement with the optical values. This shows, 
incidentally, that 6A o A over a range of A of 5.10° to 1 (ef. Minkowsk1 and WILson, 
1956) in agreement with relativistic theory, but in disagreement with some other 
explanations of the red-shift (ef. WHiTrow, 1954), 

The potentialities of the 21 em method are immense. For instance, HEESCHEN 
estimates that with a 140-foot telescope a cluster like Hercules would be observable 
at distances exceeding 3.10% light years (z > 0-5), a region for which different 
cosmological models give substantially different predictions. Furthermore, c1e can 
improve the sensitivity of the equipment by using the recently developed solid-state 
microwave amplifiers (masers). 

It may also be possible to detect the integrated (red-shifted) 21 em radiation from 
all the distant galaxies. If this could be done, it would discriminate very directly 
between the two cosmological principles, for according to the CP the spectrum is 
independent of frequency near the cut-off at 1420 Me/s (21 em), whereas according to 
the PCP it depends on the cube of the frequency. This striking difference should be 
easy to detect, if only the radiation can be observed at all in the presence of the 
background continuum radiation (e.g. by switching through the cut-off at 1420 Me’s). 


PART I] 


PHYSICAL PROPERTIES OF MODEL UNIVERSES 


Since the kinematical considerations of the last section do not yield much detail 
about the structure of the universe, we now turn to EINSTEIN’s field equations and 
the results of terrestrial physics to try and obtain more information. The use of 
EINSTEIN’s equations would enable us to infer much more from a reliable red-shift- 
apparent magnitude curve, while the introduction of the general range of physics 
enables us to calculate (rather roughly, of course) some of the physical properties of 
the different models, and to compare these properties with observation. 
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(1) The Red shift A ppare nt Magnitude Data 


1956) and HoyLe and (1956) have given useful 


ROBERTSON (1955. SAN DAGE 


summaries of the relevant implications of EINSTEIN’s field equations. We shall con- 


sider these implications separately for the CP and the PCP 


(a (‘pP 


Kinstein’s equations in the usual notation are 


$69 +p = —KP 


ssion of their implications is much simplified when the cosmical constant A 


so let us first consider that case 


To be zero 


Robertson-Walker metric is inserted the field equations, one 


lowing relations 


DR 


here G is the Newtonian oravitational constant. p is the density ot matter. and R 
at the moment of observation In these relations 
ot the clusters of galaxies. 


easonable except 


itives are evaluated 
the pressure arising trom random motions and from 
vnetic radiation, has been neglected. This seems 


electron 
perhaps in the early stages of evolution. 
These equations are easily cast into the more convenient forn 


These relations show that. in contrast to the kinematical discussion, g and & are 


since 7 Is known). 


Unfortunately, p is 


longer independent. 
measured accurately 
(6) would then give 


If p could be 5) would determine g 
Insertion of this value of g in the sign of A 
n very accurately. The masses of galaxies (themselves not known very well) 


not know ia 


id only to a lower limit for p. However, the previously mentioned detection of 


1e¢ 
neutral hydrogen in clusters of galaxies. and the radio astronomical search for 
intergalactic matter (see (il)) suggests that a more reliable value for p may eventually 
be forthcoming. 
In the absence of this information, one must use the value of g determined from the 
Lk + 1, and the 


red-shift-apparent magnitude curve to obtain k from (6). If q<—43 
spatial universe is closed and cyclic. If ¢ a 0 and the spatial universe is flat 
about the structure of the universe, we now turn to ErNsTeErn’s field equations and 
(Einstein—de Sitter model). If —} Ok | and the universe is open (see 


) 
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footnote on p. 312) and indefinitely expanding. If g > 0. (5) breaks down and we must 
have a non-zero cosmical constant (or possibly the steady-state model if q 1). This 
range of possibilities shows how important the Scorr correction is, because it might 
well swing qg from 1 (Baum) to > 1, that is, through the whole range of possible 
types of model! 
(a2). A# O 

There are now many more possibilities. We shall restrict ourselves to those models 
that are in the singular state R—0 at t—0 (‘explosive models ’’). This excludes 
the EpDINGTON model which starts out from the (unstable) EinsTern configuration 
This model can hardly be distinguished observationally from one of the explosive 
models which passes slowly through the Einstein state (LEMAITRE). The various 
possibilities are illustrated in Fig. 1, (after RopeRTSON, 1956). If one could estimate 


A} , 
r re of space 
K=+ 
< : 
MA 
y 
ex 
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Cosmological constant 
2 = 
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log p, 
Fic. 1. Dependence of the physical model of the Universe on the two parameters density po and 
epoch ft, The represented time-density relation is based on a value of 7 = 5:4 x 10° years 
for HUBBLE’S constant 


p and ¢ (the present epoch since the beginning of the expansion), then the diagram 
shows the corresponding values of A and k. The A = 0 curve should probably be 
g 


higher. since 7 is probably greater than 5-4.10° years (BAADE, 1956; EGGEN et al., 


1957; SANDAGE, 1958). If one estimates p ~ 10-?%g/ce and t ~ 6.10° years, (from 
the ages of star clusters (HOYLE and HASELGROVE, 1957, SANDAGE, 1957)) with 
7 ~ 6.10% years, one is in the region of the diagram where both A and k might be 


positive. zero or negative. 
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Alternatively, if g were known from the red-shift curve. then the equation 


4p 
5 


gives a relation between A and p which would restrict the range of possibilities given 
by the Robertson diagram. However, one would not be led to a unique solution. On 
the other hand. if g turns out to be unity, one would be tempted to adopt the steady- 
state model. although there exist values of A which also lead to this result. Only an 


lent estimate of p or f could distinguish between these possibilities. 


indepel ae 


pendently of any field equations we know that the PCP is characterized by 


} 


und 4g |. However, just as with the CP. we can obtain a relation involving 
the density if we invoke field equations. HOYLE (1948, 1949) and McCrea (1951) 


how to adapt EINSTEIN'S equations to the PCP. In this case there can 


have shown 


he no ec smical constant. and one obtains the relation 


it this model leads to a definite value for the density For 7 ~ 6.109 years, 
The creation rate can also be deduced it is 3p/7. that 1s, 10-4° 
but of course there is no hope of observing this directly. On the other hand, 


It may he possible to determine the density p trom 


ll see in the next section 


ii) Intergalactic Matte 

\s we have just seen. a reliable value for the mean density of matter in the universe 
would be of great help in discriminating between the various possible models. Is there 
any hope of obtaining a sufficiently accurate value of p from observation / 

Until recently. the answer would have been a definite “no. The observed masses 
of galaxies. themselves very uncertain, give only a lower limit to p. This lower limit is 
generally considered to be around 10-°" s/ee, which is somewhat too low to be of 
direct cosmological relevance. Of course, an upward revision of these galactic masses 
and the discovery of many faint dwarf galaxies (Zwicky. 1957) might substantially 
increase this lower limit. However. the possibility that should be mentioned here is 
that intergalactic matter may have a density exceeding that of the galaxies—and 
that this density may be measurable. 

The first evidence for intergalactic matter came from Zwicky's (1957) discovery 
that some pairs of galaxies are connected by luminous cords. However. these cords 
may not be typical of conditions in intergalactic space, since they may be the result 
of some dynamical interaction between relatively close pairs of galaxies. An attempt 
to detect the general distribution of intergalactic hydrogen has been made by FIELD 
(1958) (ef. WHitrorb, 1954a, b: McCuary, 1956: LitLey and McCuiarn, 1958). FreELD 
used the 60-foot Harvard radio telescope to study the spectrum of Cygnus A, in the 


hope of finding intergalactic absorption in the 21 cm region. In this first attempt 
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there was no detectable absorption, corresponding to an upper limit of 1 per cent. 


This implies that 


where n,, is the number density of neutral hydrogen atoms, and 7’, is the spin tem 
perature in degrees Kelvin, which specifies the relative occupation numbers of the 
singlet and triplet hyperfine levels of hydrogen. 

In order to derive n,, from this result, one must obtain an estimate of 7',. FreLp 
has studied theoretically the various collision processes that determine 7',; (PURCELL 
and Fietp, 1956; Fietp, 1958 and 1959). The discussion is not quite straight 
forward since the effect of collisions on 7’, itself involves ny. In addition, ultra 
violet radiation from galaxies could increase 7’, considerably. FieLp’s tentative 
conclusions are: 

(a) If there is only a few per cent ionization the total density of neutral hydrogen 
is less than 5.10-29 g/ee. 

(b) Ifthe ionization is significant (perhaps 10 per centor more), the spin temperature 
7’, will be mainly determined by the line-shape of the Lyman ~ radiation arising from 
recombinations. This shape is probably determined by the kinetic temperature, 
whose value we do not know. In other words, if the ionization exceeds 10 per cent. 
no definite conclusions can be drawn from FIEeELD’s observations. 

From the cosmological point of view, a substantial degree of ionization would not 
be surprising. The reason for this is that the lifetime of a proton against recombina 
tion in intergalactic conditions is of the same order as HUBBLE’s constant 7 over a 
wide range of kinetic temperatures (even in the absence of ultra-violet radiation) 
(ef. also McCrea, 1958). Hence if matter is ionized, either as a result of the high 
temperatures that prevail in the early phases of the explosive models or as a result 
of continual creation, it will remain ionized for a ‘“‘cosmological”’ length of time. It is 
possible that the proton lifetime is such that fluctuations in the density of neutral 
hydrogen may act as a marker for special localized conditions, e.g. of low tempera 
tures or high densities. In this connection it is worth noting that recent 21 em 
observations of M 33 (Dierer,. 1958) suggest that there is a measurable amount of 
neutral hydrogen far outside the optical limits of the Galaxy. This material does not 
appear to share the rotation of the Galaxy, but rather to be in an independent state 
of motion. Perhaps it can be interpreted as intergalactic gas which has recombined 
as a result of the density increase induced by the gravitational action of M 33; 
(SCIAMA 1955). 

If most of the intergalactic hydrogen is indeed ionized, it will unfortunately be 
very difficult to detect. Even out to a distance of a billion parsees the emission 
measure would only be of the order of 10 (for n,, ~ 10-4). However, it might be 
observable from an artificial satellite (cf. Baum, 1956). Even if this is not possible, 
FreLp’s work and the Harvard radio observations suggest that we stand at the 
threshold of a new branch of astrophysics—the study of intergalactic matter. 


(iii) The Age Distribution of Galaxies 
The CP and the PCP differ substantially in their predictions about the age distri- 
bution of galaxies. The reason for this is that in theories based on the CP most 
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galaxies were formed at about the same time (see (iv)). Hence, according to such 
theories, the more distant a galaxy is the younger it will appear to be (because a 
greater light-time is involved). On the other hand, the PCP implies that the galaxies 
have an age distribution that is the same at all times and therefore at all distances. 
(This age distribution is actually exponential with an average of 7/3). This difference 
would enable one to distinguish between the two cosmological principles, if only the 
ages of galaxies could be determined 

Unfortunately this cannot yet be done, although developments in our under 
standing of stellar evolution. (e.g. HOYLE and HASELGROVE, 1957; SANDAGE, 1957: 
MorGan and MAYALL, 1957) suggest that it may soon be possible. In addition, there 
is a little evidence that some galaxies have been recently formed. HARo (1956a, b) 
and Mtxcuw (1957, 1958) have found several very blue extragalactic objects which 
contain early-type stars, but are mostly uncondensed gas. It would appear that these 
systems are either very young, or that for some reason star formation has only 
recently become possible in them. However, if such galaxies are rare, theories based 
on the CP cannot be rejected since even in them some galaxies may have been formed 
recently. 

Although galaxies cannot be directly dated, their properties might be used in- 
directly to discriminate between the two cosmological principles. For according to 
the PCP. no intrinsic property of a galaxy can change in a systematic way with 
distance from us. If such a change could be discovered it would disprove the PCP, 
even though we do not know the relation between such a property and the age of a 
galaxy. On the other hand, the absence of any such property is not very informative, 
since galaxies may not change much in the 2.10° years which we have looked into 
the past (radio sources possibly excepted!). 

In 1948 STEBBINS and WHITFORD suggested that the intrinsic colour-index of a 
galaxy might be one such property. Their two-colour measurements of various 
galaxies appeared to imply that the more distant galaxies were intrinsically redder 
than nearby ones (that is. after correcting for the effects of the red-shift). On the 


explosive theories this would mean that younger galaxies are redder than older ones, 


perhaps as a result of containing more red giants (although this would imply that 


these stars evolve surprisingly rapidly). On the other hand, the steady state model 
would be ruled out 

The Stebbins-Whitford effect has such important consequences both for cosmology 
and for stellar evolution that it is essential that it be reliably established. However, 
both DE VAUCOULEURS (1948) and Bonpr, GOLD and SctaMa (1954) pointed out that 
there were too many uncertainties in the existing data for reliable inferences to be 
drawn. The most dangerous step was to use six-colour observations of M 32 to ealeu 
late the effect of red-shift on colour index, since M 32 might be atypical. 

Recent work by WHITFORD and CopE (1957)—see also Zwicky (1957, p. 219) 
has shown that the use of M 32 did indeed lead to error. and that the Stebbins 
Whitford effect does not exist. Distant galaxies have now been measured in six 
colours, so that the effects of red-shift can be directly estimated. These measure- 
ments will be of the greatest importance for galactic studies; in particular it will 
give us information about the spectra of galaxies in the ultra-violet, which will 
improve the estimate of the A term. 

Now that the Stebbins-Whitford effect has been withdrawn. there is no known 
instance of an intrinsic property of a galaxy that changes systematically with 
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distance!, However, as we said before. this does not enable us to discriminate be 


tween the CP and the PCP. unless this result can be extended to very distant galaxies. 


(iv) The Formation and Distribution of Galaxies 


The derivation of the Robertson-Walker models is based on the assumption that 
the Universe is spatially homogeneous. This homogeneity is taken to be exact for 
mathematical convenience—in practice it has only a statistical significance. The 
statistical version of the assumption has never been precisely stated: it is usual to 
refer to averages over a “‘sufficiently large region” (ef. NeYMAN and Scort, 1958a, b) 
However, this region may be so large that one will have to distinguish between the 
spatial universe at one time (the world-map) and the universe as we see it on our 
past light-cone (the world-picture). The homogeneity refers to averages taken over 
regions in the world-map, whereas observational tests of homogeneity involve the 
world-picture. Hence, the assumption of homogeneity may be difficult to test (except 
in the steady state model, where averages in the world-picture and the world map 
are the same). Furthermore, there is nothing in the theory at its present stage of 
development to indicate how large a region must be sampled in order to make an 
adequate test. 

Thus on purely theoretical grounds it is Important to try and calculate the propet 
ties of the “local” irregularities that can form in the universe. Of course. there is no 
need to stress its importance from the observational point of view: these irregularities 
(presumably clusters and may be super-clusters of galaxies) are, as it were, the com 
mon meeting-ground between astrophysics and cosmology 

There have been various attempts to discuss the formation of galaxies in evolving 
models of the universe (LEMAITRE, 1949: Gamow, 1949, 1953: LayzerR, 1954). 
According to these theories, there was a special period of time when physical con 
ditions in the universe were favourable for the occurrence of this process. Unfor 
tunately, these theories suffer from the difficulty that small perturbations of the 
homogeneous models will not grow into galaxies in the times available (BONNOR. 
1957a. b), so that large perturbations have to be invoked. This in turn leads to further 
difficulties, one technical and one of principle. The technical difficulty is that no one 
knows how to discuss gravitational condensation in the presence of the highly tur 
bulent compressible motion that is needed to provide large density fluctuations 
The difficulty of principle is that the characteristics of this violent motion (e.g. the 
Mach number, or the spectrum of the turbulence) are not determined by the theory, 
but are implicit as initial conditions in the state of the universe at ¢ ~ 0. These 
difficulties. while not sufficiently serious to dispose of the evolving models, have stood 
in the way of any detailed calculations of the properties of galaxies which could be 
compared with observation. 

The situation is different in the steady state theory, where both difficulties can be 
avoided (ScrAMA, 1955). It is true that one still needs a large local perturbation in 
the density (by a factor ~ 4), but this can be achieved without violent compressible 


turbulence, because in a steady state galaxies must exist at all times (or never!) 


These pre-existing galaxies will gravitationally perturb the intergalactic gas in a 


systematic way, and so produce a large density increase without at the same time 


The recent work of Just (1959) suggests that the contents of clusters of galaxies changes systemati 


cally with distance. However, Just has not included in his analysis all the known possible sources o 
error; he hopes to rectify this omission (private communication). 
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producing violent turbulence. The usual Jeans-criterion (JEANS 1928) can then be 
used in an approximate way to decide whether gravitational instability will occur in 
these dense regions 

The difficulty about initial conditions is eliminated by the requirement that the 
system be in a steady state. This requirement is so exacting that it leads to a deter- 
mination of the average properties of the system of galaxies without the introduction 
of any arbitrary parameters. It should be emphasized that the calculations so far 
made do not necessarily take into account all the relevant factors. For instance, 


netic fields have been ignored, whereas since the intergalactic gas is probably 


mas 


substantially ionized, as shown in (11), they may have an important dynamical effect 
on the condensation process; see MESTEL and SprrzeR (1956) for the corresponding 


stellar problem. The aim of the calculations is thus not to give a complete discussion 


of galaxy formation, but rather to describe a model which shows how the steady 


state requirement can lead to definite results for the average properties of galaxies. 
These calculations should be extended in two directions. Firstly, all the important 
factors should be included, and secondly, the distribution of galactic properties 


ibout their average values should be studied. 
Despite the crudity of the calculation, its implications are in fair agreement with 
observation. The main theoretical results are 


Hoy Le, 1953 


Thus. in a sphere of radius 10° light-years there will be 100,000 clusters containing 
the number of clusters containing 1.000 or more galaxies 


altogether 106 galaxies. 
None of these results con 


is about 100. and the number containing 104 is about 10 
flict with the rather uncertain observational data. 
Statistical studies of the observed distribution of galaxies have also been made 
quite independently of any particular cosmological model. (SHANE, 1955; NEYMAN 
and Scotr. 1955, 1956, 1959a. b: Zwicky, 1956, 1957: Herzoc, WiLp and Zwicky, 
1957; ABELL, 1957, 1958; Layzer. 1956; LimBer, 1957). Various problems have been 
tackled. e.g. the properties of individual clusters, the size distribution of clusters, 


and super-clustering (cf. also DE VAUCOULEURS. 1956. 1958). Although this work 
has not vet led to any reliable conclusions, its further development is of vital im 


portance in securing the framework for cosmological theorizing. 


(v) The Formation and Distribution of the Elements 
The first attempt to relate the formation of the elements to cosmological considera 


tions was made by GamMow in 1946. He was obeying EpDINGTON’S famous injunction 


“go and find a hotter place’ (EDpINGTON, 1926, p. 301.) Gamow’s hotter place 


consisted of the Universe as a whole at times near t ~ 0. He suggested that at those 
times the density and temperature were suitable for the formation of the elements 
from hydrogen (or neutrons) as a result of thermonuclear reactions. This led to the 
so-called x-f8-y theory of element formation. (ALPHER, BETHE and GamMow, 1948), 
The state of this theory and its several variants was reviewed in 1950 (ALPHER and 
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HERMAN, 1950), in 1953 (ALPHER and HERMAN, 1953) and in 1954 (Les processus 


nucléaires dans les astres. 1954. Part I). 

The aim of the —8—y theory was to find a set of conditions of density and tempera- 
ture consistent with EINSTEIN’s field equations, which, in conjunction with known 
nuclear reaction rates, would lead to the observed abundance distribution of the 
elements. Despite the freedom permitted by EINSTEIN'S equations, however, the 
programme soon ran into difficulties. The most direct difficulty arose from the in 
stability of nuclei of atomic weights 5 and 8. This instability acts as a bottle-neck 
in the building-up process, and, despite several attempts to avoid it, it still appears 
to prevent the formation of an appreciable number of elements heavier than helium. 

Furthermore, indirect evidence has been discovered that element formation has 
probably occurred since the Milky Way was formed (in addition to the conversion 
of H to He in main sequence stars). We may mention here MERRILL’s (1952) dis 
covery of Tc in S-stars. Te is the “missing element’ (atomic number 43), and its 
longest lived isotope has a half-life of ~ 2.10° years. This Te must have been formed 
in the S-stars themselves: (GREENSTEIN, 1954). Further evidence comes from the 
fact that young stars appear to have a higher heavy element content than old stars 
(e.g. M. SCHWARZSCHILD, B. SCHWARZSCHILD. SEARLE and MELTZER: 1957). which 
indicates that the interstellar concentration of heavy elements increases with time. 

These considerations suggest the adoption of a different approach, in which one 
attempts to account for the abundance distribution of the elements entirely in terms 
of nuclear processes in the various known types of star. The steady state model, of 
course, absolutely requires this point of view. Early studies along these lines were 
made by Farkas and Harreck (1931) and PokRrowsk1 (1931). Recent develop 


ments in our knowledge of nuclear data and in our understanding of stellar evolution 


= 


have so accelerated the rate of progress, that ““nucleogenesis’” has now become a 
well-defined branch of astrophysics. Since its techniques are not directly cosmo 
logical. we shall not discuss this work here. Fortunately, some very up to date 
survey articles have appeared, to which we refer the reader. The observed abun 
dance distribution is discussed by Suess and URey (1956), AHRENS (1957), MIN 
NAERT (1957), ALLER (1959). Nucleogenesis itself is surveyed by E. M. BursipGe, 
G. R. BurRBIDGE, FOWLER and HoyLeE (1956, 1957), CAMERON (1957a. b. ec), GREEN 
STEIN (1956). FOWLER and GREENSTEIN (1956). See also: BuURBIDGE and BurR- 
BIDGE (1957); Cook, FOWLER, LAURITSEN and LAURITSEN (1957); HELLER (1957); 
SALPETER (1957) and ATEN (1957) for recent papers on this subject. 

We should perhaps mention one remarkable result which strongly suggests that 
nucleogenesis is developing along the right lines. This is HoyLE’s (1954) prediction 
that the C12 nucleus must have an excited state at 7-70 MeV in order that the re- 
lative abundance of He?*, Cl2, and O!*® be accounted for. At the time HoyLe made 
this prediction there was conflicting evidence about a C1? level in the vicinity of 
7:7 MeV. Possible values ranged as low as 7:3 MeV (GUGGENHEIMER, HEITLER and 
POWELL 1947), while some investigators failed to find the level at all. After Hoyie’s 
prediction, the matter was reinvestigated and the level was indeed found—the 
observed energy being 7:68+0-03 MeV (Hoy.Le, DunBAR, WENZEL and WHALING, 
1953), 7°664+ 0-02 (PAULI, 1955), 7°658+0-027 AHNLUND (1956). 

It should be emphasized that if this approach is successful, so that all the details 
of the abundance curve and its variation from place to place could be accounted for 
by element synthesis in stars, the evolving models of the Universe would not be 
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disproved, since one can presumably choose initial conditions in these models for 
which a negligible amount of element-formation occurs in their early stages. On the 


other hand, if stellar synthesis is an inadequate source of heavy elements, the steady 


state model will be ruled out. It will be interesting to see whether the steady-state 


model survives this test. 


(v1) Prospects tor the Future 


It is always dangerous to prophesy, but it does seem as though the most potent 
instrument for cosmological research may well be radio astronomy; partly because 
radio methods can detect objects too distant to be detected optically, and partly 
just because we know so little of its full scope. This is particularly true of 21 em 


studies. which should soon lead to the measurement of clusters whose red-shift z 


exceeds 0-5 
Another potentially powerful technique is the use of artificial satellites, both 
] 


direct 


vy in detecting the light of the night sky (Baum, 1956), and indirectly in extend 
and mM iking more reliable the whole range of astrophysical data. 
oreat difficulties. the next decade promises to be an exciting one for 
cCOsSMO1Og\ one in which the correct model of the Universe may at 
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